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METHOD AKD APPARATUS FOR POWEi? . 



C^N ORATION 



The present invention is a continuation-in-part of 
co-pending U.S. patent applications for: "Heat- 
Generating Method and Apparatus", Serial No. 323,513, 
filed March 13, 1989; "Neutron-Beam Method and 
Apparatus", Serial No. 326,693, filed March 21, 1989 ; 
"Heat Generating Method and Apparatus", Serial No. 
335,233, filed April 10, 1989; "Heat Generating Method 
and Apparatus", Serial No. 338,379, filed April 14, ig 8 9 • 
"Power Generating Method and Apparatus", Serial No' 
339,646, filed April 18 , 1989; "Power Generating Method 
and Apparatus", Serial No. 346,079, filed May 2 , 1989- 
and "Power Generating Method and Ap paratus .., Serial ^ 
352,470, filed May 16, 1989, which are incorporated 
herein by reference. 

The present invention relates to methods and 
apparatuses for generating heat, neutrons, tritium or 
electrical power, and in one illustration, to an 
apparatus which utilizes heat produced by compressing lew 
atom lc weight nuclei in a metal lattice under conditions 
which nroducp oyro^ ha^t- „„ rr ;i,,,. 4 _ _ , ■ 

f jr xji'ujViiiy nuclear 

fusion. 



An ideal energy source, and one which has been the 
subject of intensive scientific investigation and search 
over at least the past thirty years, would have the 
following properties: 



(a) the source would utilize deuterium, which is 
available in a virtually inexhaustible amount 
from the oceans; 

(b, The source would produce relatively benign and 
short-lived reaction products; 
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«i) The source could be construct,,! 

-U. even portable .J.""*" °" " "^"".ly 

— to energy £ n^.rr^"'™" 1 - 

dense pias.a, usina either r^"^— » * 

inertial co„fi n e»e„t to lcM I ™^»' « 

density, temperature, end confin necess «y Plasma 
controlled plas.a fu ^ Z ! '« 
intensive _ld.de s^^tu c^lrT ™? " °' 
possibility, of achieving . Despite this, the 

tor exampie. Technology Cessment Hepor"-. " ^ 

char no ~* , at - ia the sleet-' r* 

- (rauons bind tightly to th k . 

nucleus and « rali;c it , ^ * "y -gen 

are drawn dose together because of the 1 ""^ 

so fusion by tunneling ca „ O co a ? V" t! » 
low temperature. Thus many of tne Droh " rel «"ely 
temperature plasma containment w ch h, ^ 
success of the high-temperature P I n " th « 

a — • - to the 10 r : r:rr are 

events during the Hfetime of any given " 
onc.ear at this date whether the „e h 0 d IT' ^ 

developed to 3U pport a self , • Vt?r be 

Jtainin 9 "action. 



A listinc ? of references for rh 
-his section are found at the end of sec't^'J 08 nu ^rals 
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The present invention involves an apparatus and 
method for generating energy, neutrons, tritium and/or 
heat as a specific form of energy. The apparatus 
comprises a material such as a metal having a lattice 
structure capable of accumulating isotopic hydrogen atoms 
and means for accumulating isotopic hydrogen atoms in the 
metal to a chemical potential sufficient to induce the 
generation of one or more forms of the previously noted 
energy. 

The sufficient chemical potential is, for example, 
enough to induce generation of an amount of heat greater 
than a joule-heat eguivalent used in accumulating the 
isotopic hydrogen atoms in the lattice structure to the 
desired chemical potential. 

A preferred metal is one of group VIII or group 
IVA, palladium being most preferred. Other preferred 
metals include iron, cobalt, nickel,, ruthenium, rhodiur., 
osmium, iridium, titanium, zirconium, hafnium or alloys 
thereof . 

During the operation of the apparatus of the 
invention, the charged lattice emits occasional bursts of 
neutrons, anti/or undergoes short-duration periods of 
exceptional heat output. These observations suagest that 
heat-generating fusion events occurring within the 
lattice may include nuclear chain reactions which may be 
stimulated by high-energy particles or rays within or 
applied to the lattice (such as are generated by fusion 
or other nuclear reactions occurring within the lattice) . 
Therefore, one aspect of the present invention involves 
stimulating or enhancing nuclear reactions in the lattice 
by exciting or bombarding the charged lattice with high 
energy rays or particles such as y rays, a or 3 




parties, „ ign e „ ergy or ■ 

energy protons. J ' or hl ^ h 



rn an important embodiment, the am , ri , 
»ea„s f or producing isotopi= n -e „ d 

•cure t, „ate in the MU1 la » «< 

«otc P1 c „ y dro g en source is deuterated j« - 

»y bo an aq „eous solution ^ ^ . 

».=ib . atopic nydrogcn soJvent ^ » 

I! 1 " 5 ' PartlaUl ' - th. a qu eo„s soiution 

and th. „ea„s for accu»u la ti„ g includes a e _ 10n ' 

:;::; in9 '« — ^an, decompo i ing tk _. 

-olvent component into adsorbed isotonic hvdr„ 

»U ^ to tnese sKinld „ ec r I"' UCed . aS 
Moans t „ transform, nMt produced ^ 1^1^ 'c^' 
structure to eiectricai eneroy lncIM . „ , ^ j!"*" 
generator. such as s tea„ turbines, s.,.^™" 
ther.oeiectric devices and ther B10nic .nutters. 

A thermal neutron beam may also h„ « 
an app.r.tus. This would invo^ I ^T^- ^ ^ 

-tai „ avi „ g a crystaI lattice struc :;;;ii;;2 r T g a 

•cc-Uotin, ,soto pi c hyd ro g en ato„s and 

7 tOP,C hydr0<!en — in its lattice 

structure to a ch.. ica , potentiai sufficient I n . 

noutron-oeneratinu events as „,i , " 
of thernai neutron, d h ld<!nCOd by tha e">*"«i = .-> 

, , ' che "«i potential bein g a - 

ast about O.S ev „„e„ COBpared to a ch e mical p0 0 X, 
°f xsotopfc hyd rooen atcr, in tn e oetal iattice 
CuiHbrated „itn tne ectopic „ ydr o g en at standa-d 
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pressure; and means such as a divergef-.tr^cutron 
collimator, for example, for collimating at least a 
portion of the thermal neutrons produced in the reactor 
into a thermal neutron beam. Thermal neutron radiography 
of a target material may also be performed, using 
recording means positioned to receive neutrons which pass 
through target material in the thermal neutron beam. 
Recording means includes a convertor to capture neutrons 
and emit capture-dependent radiation, and a film 
sensitive to said radiation. Neutron capture gamma-ray 
spectroscopy of a target material, may also be used by 
including means for measuring gamma-ray spectra produced 
upon neutron capture by the material.. Neutron scattsrir.c: 
analysis of a target material, which includes a neutron 
detector for measuring distribution of scattered neutrons 
at angles different from that of the beam directed as to 
the target material is also an aspect of the present 
invention. 



The apparatus of the present invention may be in 
arrangement where said metal is formed as a series of 
stacked membranes in an electrolytic cell, where pair; 
membranes partition the cell into a series of closed 
electrolytic compartments. 



Where the charge-generating source is electrolytic, 
the metal is a cathode and the electrolytic decomposing 
is carried out preferably at a current of 2-2000 mA cm" 2 
of cathode surface area, although higher current levels 
up to about 10,000 mA cm -2 and even higher can be used in 
certain applications. 

In certain embodiments the fluid with the isotcpic 
hydrogen atom source may comprise a catalytic poison 
effective to block catalytic evolution of gases 
consisting of hydrogen isotopes. The fluid may also 
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accumulation then inn„H- ' f °~ P"---cing 

■* „ t . rlal ; ing f «-^ «- i.ti»t. . ixtur ." 
'««<■ «t,l hydride I 1 " ■rticux.t. for D and th . 

^ration of isotonic hvdr "* " ixture C ° Pt°n°te 

P.rt lel „ of — i«o 

che„ical potential of * " ixt "» -^n a 

tMs e B „o d i Mnt a pr L rred * V " 

°' P.«.d iu , nicl ^ -*"«io„ is „ ith . =>t>1 

source of isotopic h ' ri ' C ° balt or aUovs eh .« c; , nd 

»ixtures thereof. Prefer ^ P ° tassiu » deride or 

uith • ■»<*■ -t. ::r:; d :r:i:-- 

Ptoduce the che^af pote„ tial 0 t 7" ^ ^ 

The preferre d apparatus of the ore 
OK °PeraMe form, includ „ . P " Sent "nventic:,, :; 

~~ — ... rr/tr hyar ° gan — 

tritiated water. ordinary water, or 

In cert ^n embodiments prefers " 
palladium, rhodium rufh • P " f erred . "etals include 

t he ,e met ai, Th r m i; r :?z tmionic isot °^ - 

also be a conoosite of """^ ^atus nav 

"idi UB , o, lu , nicfce2> cobaU rh «^niu B# 
^taniun, platinum, flafniun , ^ ° n ' ^«ni U!3 , 

d alloys thereof, and , 
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thin metal film upon said substrate of palladium, 
rhodium, ruthenium, iridium, zirconium, or alloys 
thereof- Alternatively, the metal may be a thin film 
layered on a composite of a substrate unable to 
accumulate isotopic hydrogen atoms to an extent inducing 
fusion reactions. Such a thin metal film has a preferrea 
thickness of about 50-500 A, although thicker films might 
be suitable. 

Means for transforming heat to electricity include a 
steam-powered turbine or an electrical generator, and a 
heat transfer system for transferring heat from the heat 
source to a turbine or electrical generator. This means 
for transforming may also be a semiconductor 
thermoelectric device or utilize a thermionic emitter 
device. 



The present invention also includes methods of 
generating heat and neutrons, as well as producing 
electricity or performing work. These methods comprise 
the steps of: (a) contacting a material (preferably a 
group VIII or IV A metal) having a lattice structure 
capable of accumulating isotopic hydrogen atoms, with a 
fluid comprising an isotopic hydrogen atom source; and 
(b) inducing accumulation of isotopic hydrogen atoms in 
the lattice structure to achieve a concentration therein 
sufficient to cause heat or neutron generation. The 
achieved concentration of isotopic hydrogen atoms may be 
characterized by having a chemical potential of at least 
about 0.5 ev. The isotopic hydrogen atom source is at^ 
least one of water, deuterated water and tritiated water. 
In one preferred embodiment step (b) involves 
electrochemical decomposition of the isotopic hydrogen 



atom source and electrolytic 



compression of isotopic 



hydrogen atoms into the lattice structure. 
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Reaction by product wh , 
a<Wo r tritiated gas tr ti ° 

«cov. r . d by know : P ; Q r ;:r r and h — - - 

- — emissions which ma °L C ™? s - - weli 

purposes. tor a v ar:e;-- c - 

As a method of producing electricity t„ 

"eetricitv ^ ™rio„ „ ell . kno „ n J^*"J 0 
perfo„i„ g t „. „ ethod comer i ' 

ga ner» sd -»t to perform work Zn Z l ° UU;it ' 

™. "er gy -i„ PU r;: d :r; 0 r: o5 r ato ° — °- 
-«tro Iysis uith tha materia r a t ct p „?r bly invoive 

"-:r 0 :; : °r - tL >r* 
-oo » :::;rr f ;: :rr n about 2 - — 

embodiment. t-h e , . Iy ' In a preferred 

r- ™ :;:::/::Lr;r; method ° f 

to r,„ e 5urface „ ear _ Eu h « "«en treats 

Inhibit capability ot th. „ e tal to 1 *"' r ""' =.y 

»t a.«t a portio n of any previous * to remove 

atcs. Tho tr „ M lnclU( . hydrogen 



»«al 50g „ent to remove a superficio/ " ^ 

the s« K e n ac hl „i„ g may be fono C : °" - 

to remove „ acMning rosidue _ ^ ™ abrasion s : „ 

i»volv C5 one or both of „eati„ a ln , ^"bly 
a partial vac„™. 9 0,<P0SU " ^ at lea5: 

As a method for prodrci, 
-tbod includes the addition' IZZ 0 "^ ° t0Ve 

p * ' < c > forcing 



generated neutrons into a neutron beam. As a method of 
neutron-beam analysis of a target material this method 
comprises the steps of: (d) collimating at least a 
portion of neutrons produced by the. reactor to forra a 
neutron beam; (e) directing the neutron beam at the 
target material; and (f) measuring physical events which 
are produced by directing the beam onto the material. 

Figure I-lA shows a cubic face-centered crystal 
structure in the lattice of a metal, such as palladium, 
used in the present invention; 

Figure I-lB shows the expanded beta form of the 
lattice, and diffusion of an isotopic hydrogen atom into 
the lattice; 

Figure 1-2 schematically shows one embodiment of an 
electrolytic cell for compressing isotopic hydrogen 
nuclei into che lattice of a metal rod; 

Figure 1-3 schematically shows an embodiment of an 
electrolytic cell having a bipolar cell stack in a cell- 
pressed configuration, for compressing isotopic hydrogen 
nuclei, such as deuterons, into the lattice of a metal ; 

Figure 1-4 ^schematically illustrates an alternate 
method for achieving electrolytic compression of isotopic 
hydrogen atoms in a metal lattice; 

Figure 1-5 schematically illustrates a thin-film 
palladium electrode constructed for use in the invention; 

Figure 1-6 schematically illustrates a palladium 
coated electrode constructed for use in the invention; 
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Figure 1-7 h 

r ;:;rr' in — - 

Figure i-o i «= 

g ene» tor , WMch * ^»«ic « a stean driven 

Present invention. deriVed ^om the 

Figure r- 9 sche mat icall v in 
-covering tritium " Ulust «tes a system fQr 

Figure u_ 5 is a 
Figure n_ 6 is ^ 

•p~»*» de , ign . d fo /;:::;:r r ir of a 

Figure 11-7 ^ 

-^-/ f o/;:::;:r 5 ;;:: o ;- 

Figure n;- 8 i s a „ h 
«PP«etus designed for ^7^1,7 ° f * 
spectroscopy, accord inq to CaptUre *»nma-r a y 

invention; " ^ anoth «r e n bodi„,en t of the 

figure IIM shoWs a 
"lorineter cell. " ' Con P a «^nc vacuu., Dewar 

Figure iu- 2A shows 

- — — -*;::::^;:::r — 
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Figure III-2B shows a schematic of circuit for high 
stabilization of a regulated power supply used as a high 
output current galvanostat. 

Figure III-3A shows the temperature above bath vs. 
tine (upper) and cell potential vs. time data (lower) ; — 
a 0.4 x 10 era Pd rod in 0.1M LiOD solution. The applied 
current was 800 aA, the bath temperature was 29.87°C, and 
the estimated Q / was 0.158 w. The time of the 
measurement (taken at the end of the calibration pulse) 
was approximately 0.45 x 10 6 s after the beginning of the 
experiment. 



Figure III-3B is the same as Figure III-3A except 

time of measurement approximately 0.89 x 10 6 s. Estimated 
Q f = 0. 178 W. 

Figure III-3C is the same as Figure III-3A except 

time of measurement approximately 1.32 x 6 s. Estimated Q 
= 0.372 W. 1 



Figure III-4A shows the temperature above bath v P 
time (upper) and cell potential vs. time data (lower) for 
a 0.2 x 10 cm Pd rod in 0.1 M LiOD solution. The applied 
current was 300 mA, the bath temperature was 29.90°C, and 
the estimated Q f was 0.736 W. The time of the 
measurement (taken at the end of the calibration pulse) 
was approximately 0.23 x 10 6 s after the beginning of the 
experiment. t 

Figure III-4B is the same as Figure ril-JA except 
tine of measurement approximately 0.54 x 10 6 s. Estimated 
Q / = 0.888W. 



msrum mi 
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Figure in- 4 c is the sar,e as Fiaure ttt ^ 

of - sureraent approxiBately r ««Pt 

Q / = 1 . 534 W. S ' Estl ^t^d 

Figure III- 5A shows cell temperature vs timG 

t:: ;Te: P " p r tiai - - r) ;r for a 

cm , bath temperature 29.87°c. 
Figure in-5B shows cell texture vs ti „ e 

. niA cm , bath temperature 29. 8 7°C 

™» » . c . u than that shoun in pigure r _ 

rigure m- M shous the rate Qf 

9.ner«.on as a functio „ of tiM £<jr 

III-5A. 11 In Figure 

Figure iix^b shows the rate of 

generation as a function of tame for , ? P " 

ill-SB. ""- XJ - in iigure 

Figure Ili- 7A shows total snerifi. 

™tp« t as , function of ti . e fo p f l r:r;. ener5y 

5A. Xi ln Figure Ill- 
Figure IH-7B illustrates total 
energy output as a funcUon of Z f C 
Figure Iii-sb. ^ f ° r UlG 

— — — --rr^r uod - • 
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Figure in-9 is a Log _ log plot (excess enthalpy ^ 
current density, of the data in Tables III-; 3 and Ill- 
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According to one aspect of the invention, it has 
been discovered that isotonic hydrogen atoms, such as and 
preferably deuterium atoms, when accumulated in the 
lattice of metals which are capable of dissolving 
hydrogen, can achieve a compression and mobility in the 
lattice which are sufficient to produce heat-generating 
events within the ne tal lattice which are believed to be 
fusion-related, as evidenced both by the amount and 
duration of heat released from the lattice, and by the 
generation of nuclear fusion products. These heat- 
generating events may be associated with neutron and 
tritium production, and perhaps other nuclear reaction 
products. ... 



Section I describes materials and conditions 
suitable for achieving the required conditions for heat- 
generating or neutron-producing events within a netal 
lattice . 



Section II describes the generation and use of 
neutrons according to the present invention. 

Section III describes a detailed analysis of 
conditions and events renting to heat and neutron 
production according to the present invention. 

Heat-Gencra XincL_Cgndit ions with in M^t-^^j att { 

A • M eta.l_ Lat t i c e 
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»«als ana metal aUoys uhich , 
in the present invention are the,,. „■ """" tor » Ee > 

•lectrolytic decomposition of 1, ' ^ " ^ (i > 

-^.n. -sdption o t i:r n t at °" ic 

lattice surface, and dif *° " 0, " 1C hydrogen on the 

the lattice, ^""sicn of the atoms into 

-pressed into th^ II t ct mT^ «». are 

-9-. near hydride saturation. r„ ^"ations, 
lattice should be capable of 



an increase concent lo^f-tot" 9 ■ ^ " 
- accumulate, and compress: ^ ^ 

—ed here, to ^Z^U'L^'V^ 
-tal doped „ ith selected ^puritie^, ^ 
Holler et al.W, Ro „ et a , ^ ' m e> " rDle ' 

«S *!.<". an. Bamba.a^M ^ -ndap^i 
„„.-,>_ . ' 0f these, the orr,„„ 

a.,u particularly palladium ,->,.,• ' 
iridium, osmium, „ ick el cobalt ' 
hereof, such as Pallad „ 

alloys, are favored, a, are th ^lum/cer ,„3 

—urn, ,irco„ium,\ 1 nd tfntm^ = 

diffusion of isotopic fa '"'»• 

t- iattice is able to d p «» 

a hl ,h 0 ::;t; f :r; — 

the lattice, and effective dlff ^ed atoms lnto 

and cr at *i„ g . " PTmntS strain 
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One possible mechanism for the nuclear-fusion events 
which are believed to occur within a metal lattice 
charged with isotopic hydrogen involves a correlation 
between the valence electrons in the metal lattice and 
pairs of isotopic hydrogen which allows the hydrogen- 
atom pairs to become more localized and therefore more 
likely to fuse. Fusion occurring according to this 
mechanism may be favored by fernuonic metals, i_e 
metals characterized by n(1/2J spin states . 
fermionic metals would include titanium isotopes 22 Ti 
and »Ti„ (together making up about 13 * of tne ^^y 
occurring Ti nuclides), "pd^ (making up ^ 22 
percent of the naturally occurring Pd nuclides) " C o 
(making up 1001 of naturally occurring Co nuclides), " 
Ru„, and 44 R U — 



'101 



(together making up about 30% of the 



naturally occurring nuclides), (making UD 1QQ% Qf 

naturally occurrxng Rh nuclides), " Irm (Baking up ^ 
63% of the naturally occurring Ir nuclides,, and 7s p t 
(taking up about 33.8% of the naturally occurring Pt 
nuclides) . 

Naturally occurring palladium may be particularly 
favorable, since the « Pdi o 5 isotope has a relatively 
large neutron cross section compared with other major 
isotopes present in naturally occurring Pd . Rurally 
occurring rhodium is also expected to provide a highly 
favorable lattice. 

As will be appreciated below, the metal lattice 
should also have (or be treated to have) surface 
properties which are favorable to charging with isotopic 
hydrogen atoms. Where the metal is charged by 
electrochemical decomposition of isotope hydrogen water 
as described below, the surface should favor the 
electrolytic formation of atomic isotooic hydrogen at the 
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lattice «rf.c., ana also favor efficient absorption 
he a tonlc isotopic hydrogen ^^^^ P - 

latter re,uire„,e„t .in be defeated in certain „etals 
-uch as platr„u», whose surface effici ' 
conversion of atomic isotopic h.drogen to Secular gas, 
« the expense of absorption into the lattice. 

For this reason, and as win be readi j 
by ose of skin ln the Mtal , ^ £ 2 

"hich otherwise „ ight provide a favoraMe 
environ.ent for isotopic hydrogen fusion, My be 
unsuitable. Ss win be discussed below, the proble, of 
-lecular b y drogen gas formation at the lattice surf^c! 
can be „, in i„i 2ell by th „ u „ of ^ <• ^ 

-aking usable otherwise potentially unusable Petals 

I»purities, such as plating. i„ a bulk-phase necal 

T " PalladiU "- '"topic hydro " 

.to. charging of the lattice, by proving 
oration at the expense of hydrog . n aton absorb" , 
" - *»~» that „an y m etal i.ouriti s e . 
to mgrate to the surface of a „etal w h „„ kL. , 
te„perature for casting or annealing. ror'^' r 7 
-als such as palladium, which have been forlld' 
casting or anneaiing „ay have significant platinun 
purities, at their surface regions, and My therefore 
Sho 1 tively poor charging efficie„c y . Lnve , 
SOl d lattice forced by casting or annexing, fciow d v 
n-achinrng or the like to remove outer surface roo on 
-Id have relative!, im w(ac . ^ 
-Chined lattice My be further treated, such 
brasses to re„ove possibie surface 

.» -chining process. Such nothods f „ *>» 
-purities in a „etal lattice are known. 
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As Will be seen from below, a feature which is 
believed to be important in the invention is charging a 
netal lattice to a high accumulation of isotopic hydrogen 
atoms, particularly deuterium. m metals such as 
palladium which are known to undergo significant 
hydriding (with ordinary hydrogen) over time (e^ 
Veziroglu«>, Ron et al . < 3 > , Mueller et al- (2) ) ,1^ 'is 
therefore desirable to remove at least a portion of the 
ordinary hydrogen present in the lattice prior to 
charging, since this preexisting hydrogen may Unit the 
available hydride sites in the lattice. Most preferably, 
all of the hydrogen should be removed. Methods for 
removing or desorbing hydrogen from a metal lattice, such 
as by melting and cooling, or vacuum degassing are known. 

Figure I-lB illustrates a Pd-D ( palladium-deuteriun) 
lattice, showing deuterium nuclei moving freely into and 
out of a cell. Although the correct description of the 
palladium/isotopic hydrogen atom system is still 
uncertain, experiments performed in support of the 
present invention, in conjunction with subsequent^ 
experiments reDorted bv ^t-h*,,-*- 

*""j.v,dL.ti Liie to J. lowing 

features : 

1. The isotopic hydrogen atoms are highly mobile 
with a diffusion coefficient for deuterium, D., of about 
10" 7 

cnf 2 s at about 100° K. This feature has been deduced in 
part from the measured electrolytic separation factor s 
for hydrogen and deuterium, which shows that S varies 
with potential and approaches a limiting value of g 5 
indicating that the atomic species in the lattice are'so 
loosely bound as to behave as three-dimensional classical 
vibrators . 



The 



"topic hydrogen atMs exist a!5 nucloi 
«9r.tx.„ or th. n,c) 8i in ,„ cle<:tric . 

t* TOY":"" iSOt ° Pic hydr ° ge " " u = lei — 

o be delocalx 2 ed in the band stl ^ ^ ^ 



hvd 3 ' " " P Msi "» to a C c»„l ate enough isotope 

hydrogen ato„s in the lattlce t „ raise ^ * 

po entxal of the latUce t<> o s ^ ^ 

high as 2 «v or »ore above the cba.ieal potential of the 
»etal eguxlxbrated with the isotopxc hydrogen ato.s at 
standard pressure (ii e. , „ itnout input of 

4. Although the repulsive potential of the 
xsotopic hydrogen nuclei is shieided to ,„, extent by 
electrons an the „ a tal Xattice, it is „„l iltely that 
■olecular xsotopic hydrogen, D is toT ^ 

the weak S-character of the e u r tr n n^ 

Further, formation of hydrogen-isotope gas in the la- — 
has not been observed. L " ce 

The „etal should be a solid forn, i.e.. in tne £ora 



solxd rod. sheet, or the UKe, when the lattice , 
to be charged by electrolysis, as described in Sections 
below. Alternative^, the «t„ „ay he i„ thin-fi^ 
form, as described in section IE bel 



s.ail particie for„, such as when the Lattice l " " 
charged by heating i„ t „. pr5senM o( ^ - 
described xn Section i D . Tho ;lnode ^ 

spaced fro n the cathode in any of these conf ig„ r a t xcn^ . , 
order to achieve uniforn charging. 
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.1 

B • KLectro lyti c Comp ression ' ' 

Figure 1-2 shows an electrolytic cell or system 10 
for electrolytically charging a metal lattice with 
isotopic hydrogen atoms. As defined herein, "charaing" 
means concentrating isotopic hydrogen atoms into a metal 
lattice. The charging process is also described as 
"compressing" isotopic hydrogen atoms into the lattice cr 
accumulating said atoms therein. As will be seen, the 
charging or concentrating process must be capable of 
concentrating isotopic hydrogen atoms into the lattice to 
a concentration significantly above the concentration of 
the hydrogen atoms in a metal hydride equilibrated at 
standard pressure (1 Bar at 273°K). 

In the electrolytic charging process illustrated in 
Figure 1-2 , " an. aqueous solution of isotopic hydrogen 
water is electrolytically decomposed to form isotopic 
hydrogen atoms, including {designated ^H, or H) , 
deuterium atoms (designated 2 J\ or 2 D or D) , and tritiun 
atoms (designated 3 J H or 3 T or T) , and preferably 
deuterium alone or in combination with ordinary hydrogen 
and/or tritium. The invention also contemplates loading 
of lithium atoms into the lattice, either alone or 
preferably in combination with isotopic hydrogen atoms, 
to achieve nuclear fusion reactions involving lithium 
nuclei, such as neutron interactions with lithium nuclei 
within the lattice to produce tritium. Suitable sources 
of lithium for charging are given below. 

The component which is decomposed to produce the 
isotopic hydrogen atoms is also referred to herein as the 
isotopic hydrogen atom source. One preferred source ; 3 
an electrolyte solution of deutcrated water, or an 
electrolyte solution of deutcrated water containing 
ordinary water and/or tritiated water, containing an 
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electrolyte such as LioD or Li ^ - 

variety of ;^ ■ ior example. A 

deuterated or tritium k ' 2 4 example, and 

™ ondlng i SOtoPic hydrogen atoms :; e --_ 

The electrolytic source preferably includes h 
ordinary water to heavy water at a hezv * 
0-5. ordinary water to 99 5* deut ^ aboUt 

water. ' deuterium and/or tritiated 

Alternatively, the source of i^t- • 

any combination of the three in „„, trltlated »«er, or 
the ration of ordinal hvdr " ""^ that 



A variety of non-aqueous solvents m „ v , 

:r:::,.°: - — — :«t:. pr :::: 
« ;:r:rr:i/rr::::: s ac :: r- ~ 

—r nitrilM . for ^ ^ ""T^ 
Pyridin.,,,. .. tal ions , „„ *' Wroles. 

«.„.., P o ly „ ucl ear aro» a ".l" 0 """"' 
(S.«.0 function, . nd other c»po Ms ^! """'l"*" 
reductive deposition to vieL A t """"^ 
— « roUW . J ' o ; ^ -on, 

-vents » ay t, diiuted or suspended ™« 
contain, either non-isotopic or i J ' 
-her =olut . _po„c„ts as L^Zl™ 

The source fluid nay also inclu . 
-ich (llnctions to pol=on tho " " = » «->«. cedent 

JLai > — c surrace of the 

mmm sum 



cathode, to prevent reaction of surface bound isotopic 
hydrogen atoms with isotopic water, to form molecular 
isotopic hydrogen gas. A variety of compounds which are 
effective to inhibit the catalytic formation of molecula 
hydrogen on a metal surface are well known. These 
include a number of sulfur-containing compounds, such as 
thiourea or hydrogen sulfide, as well as cyanide salts 
and the like and are added to the fluid in amounts 
effective to preferentially inhibit molecular gas 
formation on the lattice surface during electrolysis. 
Concentrations of catalytic poisons which are effective 
in electrolyte solutions are known. Components to 
enhance electrolytic activity such as lithium sulfate r.a- 
also be added. 

The system may further include a non-submerged 
heating or catalytic element (not shown) which can be 
heated to promote catalytic recombination of molecular 
isotopic hydrogen, such as D 2 (formed at the cathode) ar.r. 
0 2 (formed at the anode) to regenerate isotopic water. 
It is additionally possible to have a submerged catalytic 
anode to serve this same purpose, particularly when the 
system is infused with deuterium gas (D 2 ). 

As shown in Figure 1-2, the aqueous source of 
isotopic hydrogen is in a container 14, which is 
preferably sealed, to recapture material, such as 
molecular isotopic hydrogen, which may be ; generated 
during electrolysis. The cathode or negative electrode 
in the system is formed by a metal rod 16 whose lattice 
is to be charged with isotopic hydrogen atoms. As 
indicated above, the cathode may be a block in the f o-n 
of a plate, rod, tube, rolled or planar sheet, or the 
like, or an electrode having a thin-film metal lattice, 
as detailed in Section ID. As will be appreciated cole,, 
the shape and volume of the cathode will determine the 
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r^r r 18 ~ ■ - ^ 

. - the rod durinu the e u ctoll i r 2 ^ dSnSity 

Pl«t ln »». nieXel, or carbon, which itse f " 

«th the li quid counts i„ th " rM « 

undesired reactions container to produce 

c^:teT::;i:i:;:;:;::;;;; : th * — - 

— e>ectrolytic Oel o : o oT -I" ^ 
steady direct current ,n r , S ° UrCe ba = 

alternatively a„ int ' S ° Ur "' » = sl,o„„, or 

•veiy, a„ intermittent or pulsed or k 
current source. nursed D.c. charge or 

The source tvDinii., • 
density of ,t ,„l X " 5° P« d "« » current 

This „ ini „u„ curre'nVIel^Tr' 

C-ired final chemica! poten u o^ " '° ^ 
•t«. in the „etal lattice ^ r ' """"^ h *"»«> 

-tween about 2 and 2 „o„ ^"TZl"™' 
currents may be used ,„ d alth °"<Jh even higher 

>»r,er cathodes or with „o"rT 

fluid*. ror sample, current lev s I ^"""'^ 
10.000 ^ or hi(j „ or u _ qht ^ J' ot up to ;is hiqh a . 

applications. If th . currcrit ^ "rtain 

the diffusion rate of i,„, ■ hl9h ' however, 

— — e ^ Jo ; :rni; t rogGn aton - ; - 

which lowers the ef- ci( , nr „ , ectopic hydrocen, 

1CnL/ ° f he « generation in the 
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system. A stepwise electrolyte charging of the cathode, 
as illustrated in subsequent Sections, may be useful in 
avoiding the rate limiting effect particularly at 
increased current densities. 

In a charging operation to accumulate isotopic 
hydrogen atoms, the source fluid is placed into the 
container 14 to a level which submerges the electrodes, 
and the charge-generating source is initiated by being 
set to a desirable current level. The total required run 
time for a metal lattice of known dimensions can be 
generally determined from the above diffusion coefficient 
of about 10~ 7 cm -2 for hydrogen and isotopic hydrogen in 
the metal. Typically, for a metal rod whose diameter is 
in the mm range, run times of from several hours to 
several days may be required to reach the desired 
chemical potentials. For rods whose diameters are in the 
cm range, run times of up to several months or longer mas- 
be required. An example for charging is to charge a 
cathode at a relatively low current level of about 6-1 
nA/cm 2 for about 5 diffusional relaxation times and then 
to increase the current to a level of 128, 256, 512 
mA/cm 2 or higher in order to facilitate the heat 
generating events as is suggested by Table A6-1 in 
Section III. It has been found that the charging time 
(which varies at different cathode temperatures) 
generally follows the equation: 

time = 5 (radi us) 2 

diffusion coefficient 

Thus, for a 0.2 cn radius palladium rod, the time needed 
for sufficient charging to initiate heat generation is: 
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10"" cm sec*" 1 
= 20 days 

The charging of the n,etal, ^ , electrol ytic 
compression of isotcpic hydrogen in the Be tal lattice is 
carried out to a final chemical potential of isotopic' 
hydrogen in the met al, due to accusation/ compression of 
isotopxc hydrogen nuclei in the lattice, which is 
sufficient to produce a desired level of heat-genera- ing 
events within the me tal lattice, as evidenced both fc^ the 
amount and duration of heat generated within the lattice 
and, where the isotopic hydrogen is deuteriu,, by the ' 
generation of nuclear fusion products, such as neut 
and tritium. 



;rons 



Preferably the metal is charged to a che.ical 
potent!.! of at least about 0.5 ev above the che.ical 
potential of n etal hydride equilibrated at standard 
pressure (1 bar at 273' K, without eneroy input 

specifically, the chemical potential of the charged ' 
cathode metal is determined against a reference wire cf 
t e same tal, palladium, which has been charced 

" y " ith " e '"^ h ^ogen .tons, 

then allowed to equilibrate at standard pressure (1 t, r , 

W S B,ed " fe "" Ce Ui " .bout 

0.6 atoms of isotopic hydrogen per metal aton at 

equilibrium. Th e chemical potential is determined t .„ 

the voltage potential measured between" the charged metal 

cathode and the equilibrated reference wire It uiu ■ 

recognised by those 5ki l lc d in the art that the chemical 

potential expressed in electron volts ,e V , is general. y 

equivalent to the measured voltage potential- i e a 

measured 0.5V generally translates to a 0.5 evTh'em'.cal 

Potential. lt in also be recogn.cd that the chen 1 

potential required to produce heat-generatin, events .ay 

CMTjOTlTltrr him 



depend on the metal being charged. Therefore, some 
metals, e^_cj., zirconium, may produce such events at 
different, perhaps lower, chemical potentials. 

The electrolytic reaction steps which are 
responsible for charging a metal lattice in the system 
described above will be considered with respect to an 
alkaline solution of heavy water as a deuterium source. 
Below are shown the four reaction steps which must be 
considered when D 2 0 is reduced at the cathode: 



+ e - D g( 
+ D-0 + 



D (i) 

3 2 + 0D~ (ii) 
D ads "* lattice (iii) 
D ads + D a ds - D 2 (iv) 

where D ads indicates adsorbed deuterium atoms, 
indicates deuterium diffused into the lattice. 



At potentials more negative than +50 mv (referenced 
to a reversible hydrogen electrode) with the Pd-D lattice 
is in the beta (ft) phase, deuterium is in the form of 
isotopic protons and is highly mobile. 

The overall reaction path of D 2 evolution consists 
dorainantly of steps (i) and (ii) so that the chenical 
potential of dissolved D + is normally determined by the 
relative rates of these two steps. The establishment of 
negative overpotentia Is on the outgoing interface of some 
metal electrodes for hydrogen discharge at the ongoing 
interface (determined by the balance of all the steps (i) 
to (iv)) demonstrates that the chemical potential can be 
raised to high values; chemical potentials as high as o.s 
eV can be achieved using palladium diffusion tubes CO 
eV cr higher nay be achievable) . 
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Figure 1-3 is a schemaUc 
jys e m or cen ^ a v o Q lytic 

provided with a series of n l co ^iner 26 is 

membranes 28, 30 3 2 a * ectrod e membranes, SUch as 

These membranes f or, ' thTmeCl 1" ^ C ° ntainer « shown 
barged by electrolytic is ^ 

^rogen atoms, n or r PreSSl0n ^ 
' x>1 accordance with i~k„ • 

«.*.„., are preferab « th. -- ntio „. The 

The aemhranes are joined by se ,,,- 
the container along the . r ^in, o the , alls ot 

Md P-'titlon the interim 0 th ' ^ 

closed conpartments, such „ ... 6 container into N+i 

S id e OI the ra „ tJ ::; h ; n 7««« - between 

23. the compartment 36 b,n,„ 9Ure and =«tone 

-parent 3a between *>' - - 

UI CnG c °ntainer in the fi gure . ~"~ " " ri -^ side 

A valve-controlled conduit an 
compartment 34 for fni - c ^unicates with 

::::t r th?rr- 

operation. A conduit Ba J old ^ V*« 

r"r rtments ° th - «>■" cp,^ ;?"h" tes vit * t:,e 

(not shown, one for each r- through valves 

— « .th source C-™^"."" 1 - - 
^=h cha„ b er durint! operation. . rMO, '»« 0 ; fcrr . od ;; , 

The electronic driving force i„ th 
proved b , an anode „ and a J" the - 

;r OSUe ^ — « 'he contl r 9 " ^ 

charge-generator source ° Wn ' and a 

-4 connecting these two 



electrodes. The electrodes may be any suitable electrode 
material. Preferably, the anode is platinum or carbon, 
and the cathode is palladium. The charge-generator 
source is designed to produce a current between the 
electrodes of preferably between about 2 and 2000 mA/cm 2 
{total area of the membranes), as above. 

A series of limiter circuits, such as circuit 46, 
one for each pair of membranes, such as membranes 28, 30 , 
function during operation of the cell to equalize the 
currents in adjacent compartments, for a purpose to be 
described. Such limiter circuits are known in bipolar 
cell stack electrolytic cell circuits. 

In operation, each compartment is filled with the 
source fluid, such as lithium deuteroxide ( LiOD) and 
ordinary water in D 2 0, and the current in the cell is 
adjusted to a suitable level. As indicated in the 
Figure, the voltage potential across the anode and 
cathode is distributed, in a series configuration, across 
each membrane, so that the left side of each membrane is 
negatively charged with respect to the immpdi.ately 
confronting anode or membrane surface, and the right side 
of each membrane is positively charged with respect to 
the immediately confronting membrane surface or cathode. 
Thus each compartment functions as an electrolytic cell 
in which the solvent source of isotopic hydrogens is 
electrolytically decomposed at one membrane surface to 
form isotopic hydrogen atoms which can then diffuse into 
that membrane. 

The electrolytic reaction steps which are 
responsible for charging a metal lattice in the stacked- 
cell system will be considered, as in the Figure 1-2 
electrolytic cell, with respect to an alkaline solution 
of heavy water as a deuteriun source, and the four 
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reactions which can contribute to n 

membranes: compression in the 



D,o 



1 D » da + 



°*<i a + D 2 0 + e - ^ D 



(i) 
(ii) 



" ^attics (Hi) 

(iv) 



Reaction (i) occurs at h 

in each co „ Portnent , *\ 

=o»p.rtM»t. Because o at l SP ° Cle3 the 

freely »obu 6 nuclei> these nuc - 
."to .„„ throU9h th . Mmbrane tha * draU " 

cell fi e to th • ^ - cathode m the 

D ( ^-' ^ ri<?ht in «>* figure,. Hhen the 

i.ttic. a to„s reach the right side of th& 

: ; n in the — di ~« 0 „ Produces ' 

wh.ch can then react with the ^ J>. ; . 

to co mpartwent . Alternatively,- the D atom B1 - ated - 
in hh „ ad E at oms can reac^ 

the compartment, via reaction (iv) to form D 
the compartment. The rh , r „ {nB „ 2 933 ln 

an or the p la te S are tuU^T'' " ^ 

AS indicatG d above, the limiter circuit ,ot - 

equalize the current in ir cuits act to 

ent ln each compartment. It ~., n , 
appreciated that by maintaining the current 

compartment substantially equal the am " **** 

i tne amount of n f 

th. r ig , t -„ djilcont co „ part „ ent « J h . e u -~ b " ne -to 

m the compartments, i e maxinj f ^ f ° r::iGd 



One advantage of the stacked plate arrangement just 
described is that the amount of 0, and forced in the 
system is minimized since 0 2 formation is substantially 
limited to compartment 34 and D 2 formation is likewise 
minimized by recombining with OD" in each compartment. 
That is, the total chemical potential in the system, 
which is the sum of the individual chemical potentials of 
each membrane, per amount of molecular gas formed by 
electrolysis, is increased. The efficiency of the system 
is increased accordingly, and problems of recycling 
molecular gas are reduced. 



The stacked plate configuration also allows for a 
rather dense packing of charged plates, without the very 
long diffusion times which would be required to fully 
charge a solid block. The dense packing of charged 
plates, in turn, will result in a much higher neutron 
beam flux, as measured, for example, at the right side of 
the cell, since a large percentage of neutrons ejected 
from each internal plate will pass through the entire 
series cf plates in the cell. 



c • Chaj^in g_w it JlJleMI_JiYdxides 

Figure 1-4 illustrates schematically an alternative 
system, indicated generally at 50, for compressing 
isotopic hydrogen atoms into a metal lattice, in 
accordance with the invention. 

The metal to be charged in this system is in the 
form of an intimate mixture of the metal and a metal 
isotopic hydride, such as a fused metal isotopic hydride 
salt, or a mixture of a fused metal salt and a metal 
hydride, which provides the source of isotopic hydrogen 
atc-s. Exemplary fused r.etal hydrides include Li/Na/K/D 
(deuteride), and related hydrides such as Li/Ha/D. 



Exemplary mixtures or fused s 

»i*tures of L i/1WK/ ci ant) " Clutto eut -«c " 

The intimate mixture whi rh i 
at 53 in rigure is fo ; » -»™ in P el le t fo „ 

such as particles 54 with t„ ? 9 al Petioles, 

f or„ ulati „ g the B ixt; r rir: u r d . sait ' and 

to k no„n pellet izina methods. £ °-- 

-V-rid. salts is calcuuted h - « -tax to 

-cess of isotopic hydrog e n lo """"old 
mixture. 1 atoK in the 

The mixture is sintered at a suit,M - 
temperature below the meltino SUltable entering 

-cor ding to knon s int : ~ of rr diM ' 

» - r igura I „ gives conc l 011 l h ;ll- » h -t ing element 
mixture. Attcr sintering the = h ' 
-teria! is measured, as^l « 
filtered material may be turtner " ■ the 

electroiyticanv ton ■ c »«,ed, g^. , 

Alternatively, the mixture can he „ 
™r W iasers (not s ho„ n) under ^" * . """^ b * 

v""-^ ° f -o P e it: r pr °-° te 

"urce into the lattices of th P roa ««d from the 

specifically, the h..t L rc . " ' Pa " iCleS - ^ 
"eroetic shoe* „ avc .^I" " d, "» n " "> Provide „ 
«oms into the met. " t "' I /" 

P °' oean technology 
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developed in connection with inert iai confinement of 
high-temperature plasmas. 

It will be appreciated that the metal lattice formed 
by the sintering method can be prepared to contain 
selected mole ratios of isotopic hydrogens atoms, such as 
selected levels of deuterium and tritium atoms. 

D • Thi.n-F ilm Lattices 

Figures 1-5 and 1-6 illustrate two types of thin- 
film metal lattice composite electrodes designed to 
support more controllable fusion reactions, in accordance 
with another aspect of the invention. The electrode 41 
illustrated in Figure 1-5 is produced by forming a metal 
lattice thin-film 43 on an electrode substrate 45, such 
as carbon. 



In one embodiment, the substrate 45 may be an 
"inactive" material which itself cannot be charged with 
isotopic hydrogen atoms to a level which supports nuclear 
fusion events. 

Alternatively, the substrate 45 may be a material 
capable of supporting fusion reactions when charged with 
isotopic hydrogen atoms, as above. one advantage of this 
configuration is that the surface properties of the 
substrate material can be largely masked in such a 
composite structure. For example, the substrate 4 5 nay 
be a platinum metal lattice which is coated with a thin 
palladium film 43. Here the palladium is effective both 
to promote surface adsorption and diffusion of isotopic 
hydrogen atoms into the electrode film ., 3 , and to prevent 
catalytic formation of hydrogen gas at the platinum 
interface 44. 



I " the embodiment in which hTJ u 
the filln are " n Whlch bot * the substrate 2nd 

substrate material i 9en<> " t "g reactions, the 

because of l e e f " ^ ^ " 1U >« 

its level of impurities or 

"flytic properties, cannot by lt «" f 7 ~ 
electrolyticany with h„„ readUy charged 

-bstrate „etais ! Id 7 , " 

— . :; c t : 777-- 
u7777rv afni -* --7777 
— ^ - t - 

film metals include t-h„ re * a ^Y- Preferred thin- 

— , 777777777' 

The thin-fUn, nay be 
thin-film deposition method, ,„ 7 7 ° f Wn 

evaporation, and c he„ic al vapor' dZuJ"" 6 "" 5 ' 
f. deposition conditions are 7ecte7 TyPi " lly ' 

- -Vc-l::;::;::::;;- r — - — 

— at a selecte7 p :i:: ITl^Z Pl "~ 
*«• „, pressure in the chafer 7777°°" 

:::::: :rr t ::;;r n 
— — °tr:i:::.7 *; a 

' — «'o„ o f atopic „77„ " 



For 



p r rr; -v - » 

i. ch^ eIect „ cte , iMll? e "\ ch. h , ln "" lB lattiCS 

™«ici. nt to Promote a fus L r ac : ca s po r ntiai 

production which it p ssib I „ T""'™ 1 °^ 

example, through ThTTSS^T 

tubular substrate si Th H °" " 

substrate * Uch a ,\ - b ^rat G . may be an lnactlve 

it-elf b " " r ° d ' ° r ait «nativ e iv .ay 

bS f ° rmed ° f * » at ~-* ^ving a lattice 

^,:::::;: s ::r: b :;:: tions - — 

in still another e m bod iment , the substrate ^ 
a -t.„.l, such as tungsten, which is effect 1/ 
absorb qarn^a r™. directive to 



*\ ' Production of heat. ^ thl< , 

enbod.rnent, the energy produced by J ^ 



In still another embodiment, the substr,, 

trab " d ~« *«• -"y ,««» rm , neut : - 5 



ns, q cr 



.»t.-mtp pi irrT 



fl1 "- SUCh a substrate „ay be _ f the 
Pr ° dU " "'•ct.* „ tal isotopes ;; d . '« ""PL. to 

- » semiconductor suJ t ° " OPe 3 sub «-»e, 
Atopic dopants. ubst «t e , Wlth selected metai 

E - al2i_Ener=y Pyrin 

In accordanc^^lTf^ 19 -" 1 " 212 -^^^^^ 
"» «=!«„. ,ea ns Bay incl ^ «*W ra ys or p« lcl .,. 

(b) r -> «. ^r i 1 °.r e .r ,,ri - 

C - T " ° f at "n .etal lattice on a 

radioisotopic substrate- 

in ;° rPOratio " of « radioisotopic thin m 
^tal la tti Ce substrate; thln fli = c " a 

fej placement of a sol in ' 

— -tr::\::t::;ir - y « 

"ithin the core „f ^ttice, such as 

- — lattice ; 
^ration „ neutrons in the lattice 
"^potation of b!rfUiu „ Qr ° . 

■ Nation o£ a - particles Lh b ; H °' 
-corporation o t boron or the , J" tl « 
^«» -/« t„. accent V£l™° ^ 

."er„ p. rticl . ^ « *V * M 9 n- 

^ neutron n^ ;t - Cor ' -^uch as 

°^ positron source, or „ „ 
deuteron accelerator. Pr ° C ° n ° r 

In one embodiment thr. i 
«on,s t such os «o co so '_ J 3 " 1 ^ stains radioac-ve 

1 ^ i Tn , 
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2IO PO, "8 242 

Alternatively, or .^J bet * W) Particles. ' 

e 3ec. high energy D ^ - PtUrin 9 neutrons, or 

pr Muce „; utr xa " pie ' -y :Car trons - ™ e 

' w Hch produces s i nh lpha ParticJp- 

z rons * prot ° n - --t.»n tt uith ^ 

™««in, S e,t™ wTLTr" h fUSi ° n - reJ «^ heat 
b.«ic heat 9e „ eratio ' SOt ° Pit: »*>«,.„. 

- pr ..: nt ; Porforned in 

™Perat„ rG u „ in 2 0 " llr l""> Phase at „„ 

U - Jn 9 curr denr .. e at "ear room 

--lens „ 5re nade . he 
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U) Calorimetric measurements of heat balances at 
" CU " ent «r. « e usi„ g a L 

Matthey. P LC , surrounded by , x 

enter electrode. Measurements were carried out in 
oewar cells maintains in a lar g e constant tempera L 
» ter bat „ 00 . K( , the temparature J> « 

°f the water bath be ing monitored wit, B ec* Mnn 
thermometers. The heavy „ at er equivalent (HWE , of 
-war eel! an d contents and the rate of „„ lon ! s ^ 

lo=ses — ^ * ^ n et „. t D;0 1 

by following the cooling curves. 

(2) Caloriaetric measurements at high current 
densities were carried out using i 2 and d nm , . 
v in ™ n ' 4 mjT1 diameter 

x 10 cm ,„ ng rods (obtained fro. Jobnson^atthey PLC) 
surrounded by a platinum wire anode wound on „ c^e o 
,lass rods. The De „ ar cells were fitted with 
heaters for determination of Newton's !aw of coolin, 
osses; temperatures were measured usi„ g calibrated 

' auueveQ °y 9 as sparging using 



1 ^ ^Pargmg using 
ectro ytlcaIly generated ^ ^ £xperiments 

t as been confined that the rates of addition 
to the cells required to maintain constant vol 
that required if reactions (i), and ( . 

IB above) are nearly balanced by the reaction-' 



(v) 



Furthermore, subtraction of the oh»ir . 
i . e onwic potential 

'IT '" SOlUti0 " ^ ^ «" ™tain ing L la 
PiaUnum-anodc shows that the electrolysis of the D 0 I- 
the dominant process, i e i «- i «- 2 
-ati„ g is dose to " ^ ^ ^ 

- controlled by processes i, a t - »«»» "action 
I 1 ' ' Ul) , and (iv) . with 
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this assumption, it has been found that the calorimetrxc 
experiments using the large sheet Pd-cathode the 
Newton's law of cooling almost exactly balances the rate 
of }oule heating (after prolonged electrolysis to 
saturate the metal lattice), when the metal is charged at 
a current density of about 0.8 mA/cm 2 . 

^ At higher current densities of lm2nA en ~2 and , . ^ 
ca excess enthalpy generation of >9% and >25% of the 
rate of joule heating was observed (these values Bak e an 
allowance of about 4* for the fact that and O 
evolution taKes place from o.lM LiOD rather than" D O 
alone). This excess enthalpy production was found\o be 
reproducible in three sets of long term measurements. 

Table l-A below shows the lattice heating effects 
which were seen with a variety of cathode geometries 
sizes and current densities. The excess specific heating 
rate was calculated as the amount of heat produced le^s 
the 3 oule-heat input used in charging the electrode The 
^oule-heat input j, also referred tQ ^ ^ _ 

heat equivalent, was determined by the equation: 

J = I (V-1.54 volts) 

where I is the cell current, V, the voltage across the 
electrodes, and 1.54 volts is the voltage at which 
reactions (i), and {iv) balanced by reaction ( 

are thermoneutral , . L e . , the voltage whore'the cell 
neither absorbs nor gives out heat. The excess specific 
heat values are expressed as excess specific heat rate in 
watts/cn J . 
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Electrode 
5Type 



Electrode 
Dimensions 



rod 
rod 
rod 

rod 
rod 
rod 

rod 
rod 
rod 

sheet 
sheet 
sheet 



. IxlOcm 
• lxiOcnt 
. IxlOcm 

- 2xl0cm 
- 2xl0cm 
- 2xi0cm 

. -IxlOcm 
. 4xl0cm 
• 4xi0cm 

. 2x8x8cm 

- 2x8x8cm 

- 2x8x8cm 



(mA/cnT) 



Excess 
Specific 
Heat Rate 

. 095 
1.01 



.115 
1.57 



■ 122 
1.39 
21.4 



1.2 

1.6 



- 0021 

- 0061 



The parameters which affect enthalp ic heat 
products in the compressed latt^ L 

magnitude of the effects n n h ' naU3rG and 



(a) excess enthalpy heat generation 
produced in the lattice less the • , ^ 
quired to charge the , c . j ^ 

appHed current density m a 9 I ltu ! " "th . ^ . 

the eh.„c,l potential, and is BroD „ rMm ., 



of the electrodes, i 7 7'. 7 "1°^°"^ *° the vc>„.„ 
■' the heating event- -,,-„ 

the bulk of the Pd-electrodes. 



(b> enthalpy generation can exceed lo „ att , /c ,, of 
the pallad lu „ electrode; this ls maintained f or 



experiment tirnes in excess of 120 honoring which 
typically heat in excess of 4 MJ/cm 3 of electrode volume 



was liberated. 



(c) excess heat substantially in excess of 
breakeven can be achieved. m fact, it can be seen that 
reasonable projections to 1000% can be made. 



(d) the effects have been determined using D 0 



with 



small amounts (0.5-5%) ordinary water. Projection to the 
use of appropriate D 2 0/DTO/T 2 0 fixtures (as is commonly 
done m fusion research) might therefore be expected to 
yield thermal excesses in the range 10 3 - lo 6 % (even in 
the absence of spin polarization) with enthalpy releases 
m excess of 10 kw/cm\ It is reported here that under 
the conditions of the last experiment reported in the 
table, using D 2 0 alone, a substantial portion of the 
cathode fused (melting point 1554'), indicating that very 
high reaction temperatures can be achieved. 

One possible explanation for the generation of 
excess enthalpic heat seen in the charged l atH ,„ 
involve reactions between compressed nuclei vithin"tn7 
lattice. As noted above, isotopic hydrogen nuclei 
dissolved in a metal lattice in accordance with the 
invention are highly compressed and mobile. m spite of 
this high compression, molecular isotopic hydroaen ^ 
D 2 is not formed, due to the low S-electron character of ' 
the electronic vavef unctions . The low-s character 
however, combined with the high compression and nobility 
of the dissolved species, suggests the possibiUty for \ 
significant number of close collisions between the 
dissolved nuclei. It is therefore plausible to consider 
that some of these collisions produce reactions between 



nuclei. Throe possible reactions> 

occr in th . cnse of dcuterim 1>oeopio 



are : 

! D + 2 d - 
D + 3 d - 
D + ? D — 



T(l.OlHeV) + H(3.02MeV) (vi) 
*He(0.B2MeV) + n(2.45MeV) (vii) 
gamma (24 MeV) (viii) 



These reactions would be readily detected by the 
production of tritium m ^ • 

tritium (T), and generation of high eneray 
neutrons (n) and gamma rays. 97 

The rate of production/accumulation of tritium m 
was measured using cells (test tubes sealed with 
Parafilm, containing imm diameter x 10c m palladium red 
electrodes. One mL samples of the electrolyte were 
withdrawn at 2 day intervals, neutralized with potassium 
hydrogen phthalate, an d the .-content w as determined 
using .eady-cel Uguid scintillation cocKtail and a 
Beckmann LS5000TD counting system. The counting 
efficiency was determined to be approximately 45% u ^ 
standard samples of T-containing solutions. 

in these experiments, standard additions of imL «- 
the electrolyte were made following sample. Losses ' 
D 2 0 due to electrolysis in these and all the other 
experiments recorded here were made up using DO alone 
A record of the volume of D 2 0 additions was made <or all 
the experiments. m all of the experiments, all ' 
connections were sealed. t 

The tritium measurements show that DTO accumulate^ 
in the charged palladium cells to the extent of about * 
dpm/ml of electrolyte: Pi gur e i- 8 , which ^ 
d-ay scintillation spectrum of a typ icai sample 
demonstrates that the species is indeed tritiun ' 



100 
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Figure I- 9 i5 a schGmatic viev Qf elfic 
generator ap paratus 32 constructed according to ne 
embodiment of the invention Th» 

includes a reactor 34 I k ^"tus generally 

with the generates heat in accordance 

with the principles of the invention, and a generator ^ 
which transform heat produced in ^ ^ 
electricity. The embodiment illustrated employs 
electrolytic co.pression of isotopic hydrogen atoms fro. 
an aqueous medium to charge a metal cathode. 

Reactor 34 includes a reactor chamber 37 enclosed i-, 

l s r " 38 which provides neutr ° ns sMeidi ^- « 

here, the source of i sotop i c hydrogen atQms xs 
-drum, the chafer is preferably designed for high 
Pressure operation to allow fluid temperatures in the 
reactor substantially above 100°C. 

rods h reaCt ° r Ch3mber h — or .ore cathode ^< 

rods such as rod 40 , wh ich serve as fcha ^ ^ 

be charged with isotopic hydrogen atoms in ,™< 

h^e th 8 principles of the invention ' and ^;:; 0 - 

have the properties discussed above which allow 
compression or accusation of isotopic hydrogen at0ffls .„ 
the me al lattice. Although a single metal rod would b 
suitable for a relatively small-scale reactor, where the 
rods are several cm or larger in diameter,, a plurallty 
rod s _ 15 preferred, due to the long period, which Wou , ^ 
required for diffusion into a large-diameter rod 
Alternatively, the cathode may be a sheet in a pitted c - 

3P1 l al f0rn - An anode 41 - ^rmed on the outer chanbe-' 
surface, as shown. 

The reactor chamber is filled with the source of 
isotopic hydrogen atoms, such as LiOD in deuterated 

Wore mi 
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vater, as shown in t-h„ ^- 

^ive„ by . charue-generator til " th ; d -- » 

-° reared to herei ; M ««« «»~. 

Pr cd„ cing di£fusion of Ssot 2 zur for 
t, r „ ugh . conduit 48 p into te th ° circuiat ° 

Heated within the r„ct.r to , 

stea» turbine i„ the gene rator ' * ""-""onal 

- ^ ^ cat L de(s - ::z:::::::rr in 

utilized, via heat exchange between thT 

aerator, to drive th . g : nerat - «« or a„ d the 

tritium. " ^"ducts. including 

It will be appreciated that t-h„ '* 
alternative!, be designed lor e , ^ 
ol several hundred degrees c or h s temperatures 

r — 0 „: f r^r-rrr 

steara turbine. Such a reactor n 

*«"»- .... ; d „::r:::r y utm - * 

Heat lng to produce isotop. hvdrogen «- ^ 

SUSSTJTUT." SHEET 
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aatal particlai, as daacribad harain. Tha raaultin? 
rapidly haatad partiole aaaa aould b« ooalad, for 
oxa=pla, by cireul&tir.v lithiua or tha lJJca, according to 
known raactor da*i<jna. 

Froia tha foragoimy, it aan b« appraaiatad hov the 
ganarator apparatus saata varloua objaota of tha 
invention. Tha ipparatui utilixa* dautariua, a virtually 
inaxhauatiblo aaurca of an«rgy, to produce haat, and tha 
products of tha raactiar. — tritiua and praiunably 
i*otopoi» of Ha — ar* aithar ihort-livad (tritiua) or 
ralativaly banign (heliua) . Further, tha apparatus can 
b« con*truot*d on a small sc&la, auitabla, for axanpla, 
for a portabla ganarator. 

H. K/iactpr Produoti Racovarv 

Tha haat-ganarating raaationa which occur in a natal 
lattica chargad with dautarium aan ba charactarizad by 
tritiua production. Tritiua can ba foraad in tha raaator 
•ithar as tritiatad baavy vatar (DTO) or, by ai«ctrolyaia 
of DTO, as tritiatad dautarlun <jaa (DT) . Whara tha 
reactor aourca also contain* ordinary vatar, additional 
tritiatad apaoiaa HTO and HT gaa may alio ba forbad, 
alnaa tha anount of tritiua in tha raactor will build up 
ovar tiaa, tha raaotor i» prafarably providad vith an 
oxrractlon ayataa for raaoving tritiua and maintaining 
tha tritiua lavala in tha raaotor within proaalac-tad 
lavola. 

rigvtra 1-10 ia a ach*a*tia viaw of an attraction 
oy«t*a 160 daaignad for raaoving tritiua from both 
raactor vatur *nd gaa gan«ratad within tha raactor. Tna 
-ayataa I» daaignad to oaxry out two aapaxata prooaaaaat 
ona which tranafar* tritiua in tha roactor aourca to 
dautariua. cr hydrogan gaa, and tha aacond to aaparatad 



tritiated isotop xc hyd . 

distillation. ga --f. pyogenic 

™* catalytic exchange of tritiu, • 

a vapor-phase or l iqu id n u CritlUlD ^ carried out i n 

indicated generaUy^ ^^Mc catalytic bed 

-Pplied throu gh a Con duit l64 f w r0B ^ cell i s 

^ the Cell tQ the ^ 2" ^ iS «PP"«« 



The water from the 
intact wi th a deuterium gas strea. h ^ *" 

circulation throu gh the ^ ^ * Current 
»»Y be supplied frora a .as-dis^^ ™ W St — 

« used, as described below Colui ™ 164 which 

countercurrent flow over the t " tlUn se P«ation. The 
reaction: ^ Catai ^ic bed prorates the 

DTO + D 2 c^t^ ^ + 

The water, whir-h ; 
t" the reactor ce^ ™" 0,0. Is re ,, rnad 

operation of ,,„,!.! ^ * tUb ° 168 ' ™e „«,„•„„ ..... 

described in prior pi - "T" lm *'" 1 » oee„ 

Known nethods. Here rh „ P er «»o,j, according to 

»>yorop„ obic cata 9 I";"- P«- ever th e 

9« strlat tlrr r " CUrr ° nt " 



The gas stream coming out of tn„ 
dried and purified tts-»». a n, e bed is 

cryogenic dis 1 * "° to 

- co lu „„ r:::: r:; c ;::' — » > p»p >«. 

— -U„m from an ^Zry nJTZZ 01 " ^ 
»0. DI.tin.ticn is carried out t a b o u TsT 

-*x=h is concentrated at th . top of t h e colu ^ 
»»ich is partially stripped of tritiu! ' 

l a T r ^""^ hyd "- n "~ cclunn. 
carter i.e. to obtain T> . according ZTe 

This material is separated in the colur-n ,„ , 

3 ^-"^axnt±i , such as container iH9 „ 
«t.l tritide. The syste „ ia „ J ; « as . 

tritiu. to about 98 mole percent purity. """"" tXa » 

•l U "i_ b l. i,PPreCi " ed U "" e the reactor water 

als 

ith D Th, ^ ^ Cata ^ tic exchange 

D 2 . This gas ,ay be separated from 0 , DT and „ 9 



il were the react 

contains ordinary water, „ 2 a nd DH isot 

be formed both in the reactor and by catalytic 
""h D 2 . This gas may be separated fro ' 
the cryogenic distillation columns, anc, easi, v di 
°f. e-g-, by combustion with O, . disposed 

The above described system is designed to rc „„ e 
tritium from the reactor water. As „ ot e d Jfcove , ^ 



swum m 



electrolytic compression proce,." n"" " 

«»« generates „olecul ar Lotoo h " U " "«« 

» f ^ by electrolytic dill °= «" 

™tai„ ing tritiated h y ::; d ;^"»™ or heavy „ lt er 
reconverted to water, by catalvM 

reactor, as noted above <=°*ustion within tne 

Alternatively, or in .edition . 
»«y be purified i„ the triti,, ""topic gases 

-scr ib ed above, hy inJo ^ It"" ^ 
«»=tly into the cryogenic di t a n ° ^ 
■yt«. via a valved conduit 11( n t " ^ 
extraction system. tritium- 

S vstei: e j; s ;: P ;;::irr ; n tho tu ° — 

generating D 2 and T , . as above . ' * nd the DT 

™» ^t-generatin, ,° r^"""" «' »«" 

:ne factor generate triti,™ J-"*" nietal latti « o: 

util i2ed as a SQUrr ' ltiUm ' WhlCh itself can be 

^ typ.. anVc C I l5 ° r° tOP1C hYdr0gGn - ^ -etc, c, 

other . PUrposes ; h b ;/r y lsolated in — — 

diagnostic uses. ° f » ed -al and 

Eiferences for 

-fe^-UP-Oa (incorporated V 

1- "Technology Assessnent Report on ,t 

»-S. .nd international Quest f orL 

-n,ress, 0 „ic. o f Tech„ oi o 9 y I" ^ ' <* 

Congress. Assessment, 10 oth 
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2. Mueller, J.P., § t -Metal HydYIdes", Academic 

Press, HY (1968) . 

3- Ron, M., eta], , eds. "Metal Hydrides 1984, Vols. I 
and II, Elsevier, NY (1985). 

4. Veziroglu, T. K. , ed . , "Metal-Hydrogen Systems", 
Pergamon Press, HY (1982). 

5. Dandapani, B . , and Fleischmann, M. , J. Electroana*. 
Chem. , 39:323 (1972) . 

6- Bambakadis, G., ed ., "Metal Hydrides", Plenum Press 
(1981). 



Neutron_G€MTe^^ 

According to one aspect of the invention, i^ has 
been discovered that isotopic hydrogen atoms, such as 

deuterium atoms, when diffu^d i„hn t-K„ i 

iQ^tujs ol mecals 

which are capable of dissolving hydrogen, can achieve a 
compression and mobility in the lattice which is 
sufficient to produce neutron-generating events. The 
neutron-generating events are also characterized by 
extra-enthalpic heat generation; that is, the amount o* 
heat generated in the lattice is substantially oreate/ 
than the joule-heat equivalent used to charge the lafic- 
to a chemical potential at which the neutron-generat < -g ~ 
events occur. Section I, as previously noted, describe, 
materials and conditions suitable for achieving the 
required conditions for the neutron-generation events 
within a metal lattice. 



"eutrons produced by tin. ■ 
counted to produce . L on 

used i„ a variety " 0Utr ° n "«u this be a;i is 

As noted above -> nr i 

o, lnvention , ; ; :r r «• « i-port.„ t MP « t 

~ ing events which are e d 1 ; r;: neut ™- 

of hi g h-ener gy neutrons. * ^ produ "ion 

explanation for generation „, 
produce, in th . „ etal i^^^^^ ' - - 

is the possibilitv «f ■ charged lattice 

Vi^in the u "' »•«»„, Pet-een c„ prKsed _ le; 

nuciei dissoi " n '»"'«*•" '» t o Fic 

t(! in 3 metal lattice at ■ 
Potentials above about 0.5 eV a . e 

— In spite of this high com :;i^ n rr essGd « 

f r ri T' ^ ^^o n Carae,;; ^ ^ 

electronic vavef unct ions . The low s ch 

combined with the hiah character, however, 

the high compression of the di^, , 
species, suggests the possibUi the dissolved 

number of close significant 
Close collisions between thi» ri» 

" « t h ere f ore p.ausihie to cons d th " 1^ """^ 
CO" ^« produce reactions between „ i^.: ^» 

containing pre-Vn i .-, ->^m , ice 
V t re„cainantly deuterium nuclei 



are: 



' ^ D - J T(I.01MeVj + il( 3 .02MeV) 

" D ~ 3 He0.32-eV) . n(2 .45HeV) 

' (vi) 



(v) 



trmuTXr? 0 " V0Uld 3CCOUnt '"^ aeration of 
tritium ( H) and neutrons (n) in the metal 

To measure neutron generation in a charged Betal 

lat ice, the neutron flux fro, a lm diaiDeter x ^ 

palladium rod cathode was measured using an Harwell 

Neutron Dose Equivalent Monitor, Type 95/0949-5 The 

counting efficiency of this Bonner-sphere type instrument 

for 2.5 Mev neutrons was estimated to be about 

• Further, the collection efficiency of the 

spectrometer for the cell geometry used is very P cor 

Nonetheless, these experiments monitored neutron 

generation levels severalfold above background at the 

monitoring electrode. 

Several basic heat generation experiments were 
performed to demonstrate that the neutron-generating 
events occurring in a charge metal lattice also involve 
the production of excess enthalpic heat, j^. heat in 
excess of the joule-heat equivalent energy used in 
charging the metal lattice. The experiments were ba^ed 
on the cathodic reduction of 0,0 from liquid phase at 

near room teitinpMh lt -» _ . - 

. L.n-enc Densities between 

about 0.8 and up to 70 mA/cm 2 . Th e deuterium atoms were 
compressed into sheet and rod samples of palladium netal 
from 0.1H LiOD in 99. 51 D^o + 0.5111,0 solutions. 
Electrode potentials were measured with respect to a Pd- 
D reference electrode charged to phase equilibrium, as 
described above. 



Figure II-5 is a sche r,atic view of a neutrcn-ceam 
generator 60 constructed according t? the inve nt:cn. T 



generator includes a -r^^ 

generates neutron, i -actor 6 2 which " 

ln accordance with fh 
"» invention, and . h ZTcIT' 1 " 

neutrons pro du ce d ,„ th> ra collates 

indicated at 61. 3 neutro " bears 



^ere the source of ic^ • 
deuteriun, and tritiJ \ ^ ^cth 

^ expected in the IsT^ ^ ™* 

3 ° + 3He f°-^MeV, + n(17-58 MeV) 

which would yield neutrons with ™ 

the 17.5 Mev range. """"^ dis tributicn in 

The coli ilBator illustrated in Figure 1^5 iq 
divergent collimator desionp . , 9 11 5 13 a 

high-energy or therl ' a bea, c; 

yy or tnermal neutrons (if thp nQ „. 
reactor are thecal i 2 e d be£oro ' " eUt " ns the 

collimator! »„ reaching or within the 

82 adjacent the reactor a Clrcu lar aperture 

<B,C1 is used ' """" 81 54 made of b0 ^al 

... ^riv:: 1 :::: b r n — 

"».".! neutrons, a .aterial e f e^tive o^tV" 5 ' Mtlti " ? 
n-rons, such as . p o ly eth yl e„e ck ZTT"" ^ 
be interposed between the reactor 7 ' ' M >' 

— within the f 1 ""'" or 

A downstream collimator section „ ■ 
«luni„ um or the like an d hl , \ V " f °™ ! ' i « 

h^P -PPross , anM r3y ^ b0r0 " " 00 to 

88 is • — :::ii:i b ;:::;L— 30 

removable fii-or «j • c °ntainmg a 

Hit,, for r-HerL " ° "'^ """^■t^ 

5a " M the neutron b .„. 



The collimator and reactor raay be submerged <n a 
pool whose cedent wall is indicated at 96. The pool ac- 
as a neutron shield. 

Published references, such as "Collimators for 
Ther^a! Neutron Radiography" Markgraf, ed . D . Reidcl p „ b 
Co., Boston MA, (1987), describe further details on the 
construction of neutron-beam collimators. The collinato 
m the apparatus is also referred to herein as collinato 
means . 

It can be appreciated from the foregoing how the 
neutron-beam generator meets various objects of the 
invention. The source of neutrons in the generator «, 
simple and inexpensive, requiring, in one embodiment 
only an electrolytic systen, for slow charging of a r.et-1 
lattice with isotopic hydrogen atoms. Unlike 
conventional radio-isotope sources of neutrons the 
source can be readily recharged without isotope handing 
Further, health and safety problems associated w lt h 
fissionable isotopes such as polonium or radium are 
Avoided . 

Although the system has a limited neutron flux 
output when compared with a nuclear reactor or particle 
accelerator, the neutron output can be selective^- 
increased, for example, by increasing the number and/cr 
thickness and/or chemical potential of the metal plate- 
in a reactor. Further, the energy distribution o* the^ 
bean neutrons can be selectively varied fro* low-ene — 
thermal neutrons (or even cold neutrons) crcduced by "* 
ther.alizing the beam, according to conventional methods 
up to about 3.5 He v for a deuterium charged reactor and' 
17-5 Hev for a metal lattice charged with a mixture 
deuterium and tritium atoms. 



:re cf 



Radiography is a technique by which 
of the ..inside™ c( . tar9et » 
«PO«n g the Baterial to a of P - V 

»p«t.„t Mt e rial - rel „ ted parametar in , 

the cross-section o £ the .at.rial. which des 
probability that an ato » ulll in „,,„"" 

Pa 3 Si „ 9 thrMgh the material ;t 

radrographv. th . cross-section ot events general!-'.' 
increase wrth increasing ato„ic weight. so ^ „ £ 

shielding against penetration b y the radiation. 

BY contrast, in neutron radiograph, the absorp-.cn 
cross-section is guite independent o f sUe. and in 
particular, is relatively Mgh ^ ^ 
hydrogen, Uthiu„, boron, and ,„ ld , and relatlvely .... 
for ele„e„ ts sucn as alu„i„„„, „ UBr , carbo ^ ^ 

7 Xy,<!n ( " ; ' eUtr0 " ^"iv. capture", chrien a - 
Perganon press. New vork, ,1 984)) . 

graphy thus provides a unique .ethod for detect, 
-tesence „ £ th e nigh cross-section events, sucCas 
-on, m a lower cross-section material, or co ve > 
the presence of a low cross-section .aterial, such as 
«rbon, in a higher croS s-sect ion materia!. 

Fi^re u- 6 is „ = cheiMtic vi ' 
embodiment of the invention. The apparatu 

--material no takes pi Jco . ' 



rad 



The reactor and collator employ the general design 
features discussed in Section IIA above. w,ere, as 
the usual case, the neutron beaa energy is in the 
thermal-neutron energy range, the neutrons can be 

*77oU Z '\ WltMn COlliMat °- - ^ - entering 

the collator by conventional means, such as passage 
trough a polyethylene block. 

The sample chamber in the apparatus includes 
suitable support Mans (not shown) for supporting fche 
sample or target material in a position in which the bea. 
is dxrected onto the sample. Also included in the 
chamber is a film plate 112 on which the radiograohic 
-age of the sa mp l e is recorded, and a converter " 114 fro , 
which fxl.-sensitive particles, ^, , beta partlcles are 
fitted when the converter surface is struck by neutrons. 
The converter is preferably placed i„ direct contact with 
the f iim and is formed Qf a fcMn gadQliniun ^ 

like capable of emitting flint-sensitive particles in 
response to neutron borabardment . The Ml-, ™h T 

tii.Ti and converter 
are also referred to herein mli^fi.-i 

is recording 

; CanS * , The iS "'«™». exa m ple, to „ aras and 

Wy^an, "Mathematics and Physics of Neutron Radioaraphy" 
D- Reidel Publishing Co., Boston, Massachusetts (1986) ' 
for a discussion of various types of recorder m eans 
employed in neutron radiography. 

The apparatus .ay be employed in a variety of 
thermal and high-energy radiographic application, such 
os described in "The neutron and Its Application- 
Schofield, ed. , The institute of Physics, London ' 
England (1983), particularly for structural analysis c< 
explosive devices, ceramic materials, electronic devices 
mechanical assemblies, and aircraft turbine blades 



Neutron diffraction provides i„, 
P°-tio„s „ d .otions of Lcl „ """^ th ' 
crystalline „ aterial „ . m \ Cl<!1 ln "yst a lli„ e or se„i- 

«th=d diff.rs fro„ x- ray f ; a ; t sMpie mate " ai - 

enter, of the x . ray beam „. -«-i„, 

i- not ''•^Ton' «n"^ r C i C n n "" ,Cti0n ° f 
<«• the nuclear density „ " 7 way 

fro, the diffraction pattern " " ""ducted 

"<■» .it«. as hydro" a t 

» de„su y lp " tea - " hiCh »" — ~ in 

Secondly, the method is able to ,. f . . 
i-ali 2e isotopic atom sites, h cause h "* 
different i sof „„„ .... M <=ause the nuclei of 

different;;: ^"i:::: t^t; n ~ s 

-ef„l for cryst a llo g rap h ic analysis of " ^ 
sp-lfic isotope suPstitutions have J.V.^" ^ 
example, the analysis of t„„ -„ ' or 

CO.P1.X -croJi „ eV uc ^ ^ "™««" 

si » P Hfied b y substitutio : : c e o ;;:r ins - ^ b = 

Elected amino acid -i f „ , or tritium at 

"»» -tes in the ,H PlnP ° int °" »°"«on of 

the diffraction pattern. 

""-my, neutron-beam diffraction h 

deto « p— otic s Cattorinq c ; ; «>• to 

neutron scatters, dlle to thp '.„"*■ du » -^iticnal 
-»« <* the atom _ ,„„ of 



t are 



investigate of the magnetic structur^ich 
-PO„si b U for interest^ magnetic prop s 
«»ple, such as f erromagnetism, anti-ferro * 

Figure n-7 is a schematic 
for use in neutron-bea, analysi . ^ a "° 

single-crystal „onochro„ator 126 The ! ° m ° ' 

crysta! functions to reflect " »°"-hro„ator 

r hhave a 

about +/- o.5 degrees. ' Wlthln 

The monochromatized beam i s directed „ nt 

cry3t alIi n 8 structure and atonic 

sample, as outli hpH ,->h~,.„ . . 

, ' ulscr it)ution of the 

— : ~ * . „ t « lng detGCtor or 

neutron detector is preferablv , , '■ ShOWn - The 
fin , , fl preferably a cylindrical counter 

. led u,t„ D r 3 accordin, to conventional neutron 

detector construction (Bacon, G . r .„,.„, ' 
»y*e„a„ Publicat.ons. tondon. (1965) \ 

T„e apparatus „y bo onploy<!d ,„ , „ 

n olee„,ar structure. c 
-.ecules. and for i n v Mti , aWn9 5tit£c 



-very short Uved to radioactive 

collision produces radioactivity i 

Processes vith a MasuraHe J' ^ ' ' ^-ion 

nuclei involved in neutron ab " ature of the 

by insuring gamma-ray and ^ P X ° n Can be determined 

— - corral -tide 

Particle emission characteristics ^ T 

-thod is also known as neufcr S ° f kn °^ s «Ples. This 
has been used widely for ^ ' -d 
compounds present in ' rminatlon c f elements or 

a sample material. 

If the lifetime nf h, 
on the order of / ^""-radiative events « s 

~ 10 sec or less n, 

the sample material i <- ■ nature C f 

^'Ji is determined from th„ 

spectra of the material T h " gamma-ray 

referred to as pronipt: n;ni . . " ~^ uacn is sometimes 

p- Pt e misslon tech p niq : °: 0 i:r a - ray anai — ^ 

activation analysis in th " to neutron 

st abie radloac ; ive ^ i2: y ;;:^ t — do not 

™e prompt emission method , s , ^ " 

^ is instantaneous non-de<-t advantages that 

^H.iMe residual'^ . rr;^' ^ 

Jcci/ity (referenced). 

figure H-e ; s , 

a thematic view of -, n 
use in P r ompt neutron-raii lt i v ^atus ,,0 

sanple material. In thl< . "Pture ana lysis c: - a 

ln thls apparatus neut-nn 
a neutron reactor i 2 , nd ,,. t,0ns Produced bv 

«• directed onto , * CO *^tor 1-u " 

■ Jil -ple mat or ii 1 i i £ ■ 

chamber ns. The con- ■ 3 san Ple 

- -on^,, ctlon Qf the reactQr a ^ 



collimator have been described above. ""The' neut ^ 
produced bv the r*-*,*- ■ neutrons 

coiii ffi a tor i: : ; or - r her ypstream ° f - ^» ^ 

^UCh as h ^™alized and/Qr monochr0fflati2 

-uch as by methods indicated above. ' 
The ganuna spectra produced in the s ™m„ 

;:v::i;r - 

e , ' the a PParatus may be modified 

for detection of radioactive decay partis/ m ° dlfled 
the addition of scintilla T ^ticles , such as by 

n or scintillation detectors for detectina 
alpha or beta particles. acting 

The apparatus has a wide range of analytical 
applxcat.ons, including analysis of atopic material 
-useum or archaeological samples, sensitive detection'of 
environmental contaminants, detection of °' 
-terxala for airport security, forensic analysis ^ 
medical diagnosis. 

Although this p art of th e invent<on ^ bo 
described with reference to particular „„ho„ ,..„„.. _ 
instructions. and appUcations, it viu bo ((> 
one sailed i„ the art that various changes and 
~diM=.ti.„. „ay be „ lt hout departing fron the 

invents. !„ particular, it „i„ be apparent that 
neutron beam generator win have appiica 
elemental and crvst i ?) nm- ■ 

. r y- tjl l°g«phic analy SiS , for. example, 



— — ^ j./ ^ ti l i i i_ 

— h... appiications outside ot 

fot _ - ----- example, in 

for the treatment of solid tumors -with hioh- 
energy neutron beans. 9 



med icine. 
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th " ^-it;;;; 1 ;:;;:;:;: t; :: t ?r ai 

m a palladium host lattice „ =«hodic polarUation 

- -at „ hich can be i e r:r:r enthaipy in — 

input to the electronic re l;^ he ««,. lpy 



(i, 



r — . for perIoa ;: f ;; 0 

possible to asc H hB m- at lfc is not 

process 9 «...: Crib " thlS to a„ y chemica! 

The most surprising feature of rh 

fa « «»t nuclear pr ° r " Ults <»P»« 

»H in this „ ay) is that ' ^ ' °e induced at 

" "ot duetto either of the wer..!" 1 ""/^"""^ 

reactions ^ j-usion 

■ 2 ° J T (i.oi MgV) + i i( n , u 

f iii J 



n (2.45 MeV) (UiJ 
which have the highest 

of the k „o„n reaction path! 7"T '"^ "—"ions 
Uthough low le „ Gls of trU . r hU3h eH «9Y deuterons. 

"«ecte<i.<'> the en t ha 1 1 py "r a eTe' 1 POS!!ib,y ' nGUtr ° nS 
ia an . ueronlc and « rlt ^-' P«i»m r one 



'-^ una atritonic om 
suggest that a priory . ri ,. ' ° th ° r "ported VQrka 

involved. Process nay also be 
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Successive series of measurements carried out showed 
that it was necessary to carry out many experiments on a 
substantial number of electrodes and over long periods of 
time (the median duration chosen for a measurement cycle 
was 3 months) . It was necessary therefore to adopt a low 
cost calorimeter design; some of the reasoning underlying 
the choice of the single compartment Dewar-type cell 
design, Figure III-i, is outlined herein. 

All measurements reported in this Section were 
carried out with 0.1, 0.2, 0.4 and 0.8 cm diameter 
palladium as well as 0.1 cm diameter platinum rod 
electrodes. The palladium electrodes (Johnson Matthey, 
PLC) came from three separate batches of material and a 
typical analysis is- given in Table III-l. 

TABLE III-l 

Typical constitutional analysis of the Johnson- 
Matthey palladium rods used in this work. 



Element t by weight 



Ag 


0 


0001 


Al 


0 


0005 


Au 


0 


003 


0 


0 


002 


Ca 


0 


003 


Cr 


0 


0002 


Cu 


0 


001 


Fe 


0 


001 


Mg 


<0 


0001 


Ni 


0 


0001 


Pt 


0 


001 


Si 


<0 


0001 



Th * batch numbers of n ,,, 

».:.:™;r 

cathode 212 Th „ , ' 9lass rods surro , „ . 

by the d ""^Odes U2, 218 „ """"^ 

^ cne deep Kel p 18 Ve re held i 

the cell 200. Thf , „ . s Pacer 226 at the 

^ cathode assured th C ° nfl ^ation of the * 

Potential over thT establi ^»ent of a Unif * 

er the surface of Un iform 
aSSUres Un ^or m and niqh , , 6 C3thode 212- This 

Temperature 

-™ Ist :;; r ::: n " — — — IPecl ,„„ 

co„ pone „ ts ^ / C . Co„„ ections 2 ^ 

c.li s) Uoro nadp th rou " " ^»«™ in 

. -an top Kel r 



-61- 



PCT/LS90/0I328 



The cell 200 was maintained in specie lv 
water baths stirred with Techne c °<-tructed 

echne Tempunit TU-16A 
stirrer/regulators. Two or- fh, 

iwo or three water h^t-hc- 
up t „ „ ve ^ ctus ' - . ac h 

maintained so that 8 to 15 cell* ma k 

- 13 ceils may be run 

allowed to evaporate freely TM ^ 

„ as » ai „ tained constant ; j; i 1 :;: " 

co„ tl „ u feed using , dosiMter ° 

second ther^ostatted water bath. 

The .ini.u, current used in all the experiments 
reported here was 200 mA and it ^ f , rimGnts 

r« *r — - - - 

- ° f ... „ jl:,:::: ir io r- - 

The „ixin 9 Mstory vUhin the calori „ etors 
current H.it, v,s determJn8d using dy = f " 
combined with video recordi " Jecfon 

be ««,« ly rapid (ti „ o sca ° uh in5 " as £ound " 

toe Plac . .„ „ opproxiMte 2os 

™" As tA. therM1 relaxaUo „ ^ ^~'« 

can be considered to be well stirred , „ lmeter - 

.,»,....„,„,„,„.. :;;::,::;:r..-,:-:ii;;-;;. 
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the region 



thG region in contact with th k 

^ va riatlon q - ^ **to n xex P spacer£ 

distributions were f w - ' tem Peratur e 

«"1 direction,. ""Placed in the radial aM 

Potentiostats c om , ecCl!a „ * In "™»<»»ts „ odel OT2101 
«r.n ga ,.nt use d , r^"™"""***'- 'eedbae* 
against osc iU atio„s. The e " SU " d tot « Prot.cti 0 „ 

^rther monitored °«p„ t s were 

<"»• found throuohou hf ° f ° r «=ni,tic M 

>tOW 900 « «r, carried out', CUrr8 " tS » ' »«sureme„ts 
figure iu-, b . f h . Ut usln 1 the circuit ~h 

1 2B, this ensured that n ,. . h ° un ln 

«=MIi,atio„ achievable by 1 h ' 9h « 

"o»ld ^ ^tended to .uch h h ^ '""""tat 

*~ « current ie.I":;:"" 6 "' 
°«er (on , s of calorimeters hav" 25 °°° 
"ectrodes wre ^ " h «« ^» been performed., 

= ' = ««u. lonil relation " ln 

densities a * atlon t«*s. other c„„.-. 

results. „;;; ;" <i " applied - as in ^I'V 

Mta reported here were t,t reported 

- ■ — » —hi; - 

Heat transfer coeff " ■ 
<■«■ -r speciai experr JtlterT; r^"" dail >' 
galvanostats to drive the resi-t USin * 
The measurement Khs « adopted '" ii " :inq ele ""™*- 

electrode vo.umes „.„ P £ « the call 

for e X peri„ ents ^in/ ur " f ». 3 < or „ 

"00, 400- 80 0. and 2 00-,„„ " ^ 8 °°- 

- the c.U texture I ^ IT^ '° ' ~* 
(>« therma, reia.atio " ^^"e f or 

then ap plied for 3 hours usim f ' 10ul = "eatinc, was 
* r "'"-e heaters, the 
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ine cell temperature cell „ i 
temperatures ,„,t „ voltages, bath 

peratures and , uh(!n appropria voltages 

d™ multipiexers to input da ta to Co „ paq Des 
MH computers. Examples of su=h ..„„ 

' ereM « three ditt ere„t times are shown 

in ngures m . 3A _ c and I „. 4A . C _ 

were »» tMed open except duri „ g ^ » 

perils (voltage measurements u „ e allo „ ed t<> ^ 

fM 2 ™ ^ »-P"»g; thermistor resistance 
-re ailowed to stabile for a seco nd s before samp ng) 

drscs. V.riatlons from these procedures for special 
experiments are given below. 

Experiments at low and intermediate current 

™ S h T " rried USin " l ° ™ l »" electrodes; 

for the highest current densities the electrode ,en g th 
were reduced to 1. 25 CB and t „. ^ ^ ^ 

winding was reduced to ensure uniform curre„. 
distributions; such shorter electrodes were placed at the 
attorn of the oewars so as to ensure adeguate stirring. 

Experiments were carried out using n^o (Cambridge 
isotopes, of 99 . 9 , isotopic purity o _ i m ^ 
prepared by adding w „ etal , A .„_ Hac ^ y _ J 

to DO; 0.1 M LioD + 0 5 M r i . , . 

«-3 n LljSO, and 1 M Li -SO. were 
prepared by adding dried Li^so, (A, dr i c h „ „, 
anhydrous, WlI = 1/U) tQ „ JM ^ ^ ' 
respectively. Th e light „ ater contont= of ^ 
Altered by „ HR and nev „ r(>=<! ^ Q ^ ^ 
■ «thdr,w„ for HOC and tritillB ana]ysos m 
the appropriate electrodes. A single batch of 
electrolyte was used for any given experimental series 



Normal lo<-<- e 

^ -: Pe ;: t :; e :; e ::;- : - ^ — ion at 

^ madG ^ adding d 20 . 
The current effirio ■ 

*"rprisi ngll ,, these —"Hon fro. the cells. 

«. — sho „ n by the r :;: nr D u : re d M ' h " *»» »» 

x he high values n ;; »»» « Ported in 

the electrolyte i n hh °*yge n 
D . evolution. These h J„ by the 

bo,. „ hlcb is th : r x r T ntai aata by ■ " 

fly des ^ibed below. 

-^i^f_the__CaJorlTnet^- 

J n common with all 
-Oincer^ device, th °l , P^icochenuca 1 an(J 

— v ior or th . ^ r . t ; p ; v ;^«;<>«. troB th . 

* S4Uires tfle instruction of * ca i°ri meters 

fating of the „ od el to yjls " »ased on tha 

region taa °£ — -ntai data uslng „„„_ 

Olorimetrv for the „ od 
°" 3 SUita "= •« of 01^3, on ^ P"'.» Wl , b . t «. d 

«n. MreIolly planned " d t .e Sioned and 

no„-l 1BMr re, r e =sion t^,^"''^' i<*l«* ins , 
««'uilv consider au ' - _ The Bodel shQuid 

"Put. hoi!t input " in P«. causation heat 

— ^ a „ d e V a P o : : ie ;r: in ' — ^ ^ by 

er fr " the cell due 
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to latent heat of evaporation of 0,0, neat loss due to 
enthalpy carried off in the gas ^ ^ '° 

O, (if any,, and any excess heat generated in the cell 
Further, there should be consideration of the time " 
dependant temperature change in the cell due to the 
change of the contents of the cell d^- 
, hn „,, eli " Prime consideration 

Sh U alS ° ^ 9iVen t0 ca "ful thensostatting of the 
external bath and atmosphere temperature. careful 
choices should also be made of instrumentation and 
temperature measuring devices, such as thermistors 
heater components, ohm meters, volt meters bath 
circulators, potentiostats , multiplexers and data 
processing equipment. 



In_D-0_Sol 



A sugary of the re5ults ODtained using q . i 0 2 
0.4 cm diameter rod electrodes is „i vsn in Tab -'-^_ 
while the relevant results f n r 

" UiCs for other experiments are 
summarized in Table III-A6.1. 



Table II1-3 i ists the ti.es elapsed from the start 
of any particular experiment, the current density the 
eel! voltage, the enthalpy input , the excess q 
and the excess enthalpy per unit volume. The derived " 
values in the Table were obtained by both the approxiinate 
method of data analysis and by an exact fitting procedure 
using a -black box- design of the type brieflv described 
herexn; error estimates are confined to the data derived 
by the latter method. Data are given for the three 
electrolytes used and the batch numbers of the particular 
electrodes are indicated. The measurements were made, as 
far as possible, when a steady state of excess enthalpy 
generation had been reached. However, this was not 
possible for some electrodes at the highest current 
densities used because the cells were frequently driven 
to the boiling point. The values given for these cases 
apply to the times just prior to the rapid increases in 
cell temperature (see section on Enthalpy Bursts). 
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The values of the rates of excess" enthalpy 

generation listed in Table ni- 3 are lower v, 
, rower limits because 

both the method of calculation and the neglect of the 
latent heat of evaporation lead to an underestimate of 
Q f - There is a further factor which leads to an 
additional underestimate of Qf : the dissolution Qf D . r 
the electrodes is exotheonic and consequently the slooina 
base line causes a decrease in the solubility with time " 
and therefore an absorption of heat. This factor is 
difficult to quantify since the deuterium content of the 
lattice will not be in equilibrium at any given cell 
temperature. We have therefore neglected all f actors 
which would give small positive corrections to the 
derived values of the excess enthalpies. of the three 
corrections listed above, that due to the systematic 
underestimate of the heat output from the cell is most 
significant. 

Ii» f)..?L__EKP.er,i 5 enjtg 

Table m-4 lists the results of a variety of blank 
experiments: measurements with Pd electrodes in light 

water, with Pt-e lectrodes in liqht and . nd 

measurements with 0.8 cm diameter Pd electrodes^ heavy 
water. it can be seen that most of these experiments 
give small negative values for the excess enthalpy 
These negative values are expected for systems giving a 
thermal balance according to the electrolytic reaction 
(i) or the corresponding reaction for light-water since " 
both the method of calculation and the negl ecC of the 
enthalpy output fro, the cell due to evaporation lead to 
an underestimate of the heat flows from the cell- 
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Figures m . 5A and B arc ex 
te»perature-ti M and the ^ h 
in experiments which show „ v ■ "= ent "l-ti»e plots 
outputs while Pi 9ur s ^ : rkC d d lnC — 

spe=i£ic ljz^c:^z th ;. derived 

and B give the t i mo h , release. Figures III-7A 

yive tne time dependence of the tol-n ■ ■ 

excess enthalpies for the , ^ecific 
Pies tor the corresponding sections of 

steady , tlt . enthalpy generation * ™ g or 

at unpredictable tlm „ and • *r.t. occur 

following such bur-t- ,h. Predictable duration; 

return I enth ^Py Production 

: "«» """=.i::::::r:.: r 

have found that cell- lro f- , ^nirdly, u e 

.... . CSilj arG frequently driven to the 

^ling pomt, e.g., SGG Flgure „ 

enthalpy production _ t ^ ^«te o. 

: fleSe C ° nditions -nee the dominant .ode ' of "heatTr" , 
» now the latent hGat of evaporatlon . 1 1 i s not 
possible, however at M,i, 

instrumentation are u „ s „ itable t „ „, osti „„ tas 

«... conditions. It should also be noted h ^ „ 

cell potentiai initial!, decrease, 
Nation Ior the bursts! there is usuaii '° 
increase of the potentio! with time when In " r T ^ " 
t= the boUino p„ ln t prolMbly duc tQ ^ « -»ve„ 

electrolyte in spray leaving the cells. 

The attainment of boiling may be due t„ >. 

— — « -° - — y a S e r t ;: 
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° ut P«- Because of , DO , . -- — 

d «-r'-«s (.r. at lea p ; ic : f °; ^-„ ti „ uing th . 

„ hen th> ^ - t... current 

""Pt-. these ca nnot 9 » "ache, has been 

this are be d "«ii7 U ished. The ro 

"crease „ f the c b * acco„p ani e d by a 

-".oivM 0 . S1BC . che : ca p entiai « 

"^Mishea by tll . reIiU ca„„ ot ba 

^«»panied by B „ ke<1 °' ter,p„ ature arQ 

: f othe, asp ;:nr; in th ° « *.»««.„„ 

'« — S n the O^cu,:^^ 8 ""™ « 

DrecDssroN 

^b 1 e T I h i e i ", SU l t 0 V t °h r ,r: """" ».n.r,tic„ 

Can b ° °°tai„«, d „/;,' ° l -' CUrate of the hea . 

a doP t Gd . Th / r ;;; o "; « « « lotiMtrl a ; 

v ery largG «<» for this hish accuracy 

" -"o 0 » 8 a SUte , Mts ^ «t wh^h Mns s ; 

t=r,pera turo _ ti „ 0 h ^hl y st ructured c 

"»r parameters of eh . ^» is used to d9tG 

vou *'-"~ ™». P1 =t. rv rM the «. 

«c„rac y appliM tQ ™>- .ta„ Mnl about - 

c»Phasi Z ed aoai „ U)at ' * «rror. h ut it u 

*y«««ic under .» iMe „ -.; h t ° d « lMds to 

corrected. can , „ to 
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statements about the acc „ r „ 

th. b i ank „ Peri „ onts> Iir 4 : Y arc born!! ° ut - 

«i=n.. tric techniqus adopt0 " : th . 

- electrolysis arar : in ;t:::;i:i:- rr 1 

!,I ;0 - 2H 2 0 * o 

2 (iv) 

f ° r a . Uid » r "' e ° £ "nations and system Th 

with numerous other in, k- s> In cotuion 

c-^.- M t ^ P :i:;t?:r::: i ;;v e havo th ^°- -° 

z«o excess enthalpy r ' SySte " Uhich 

i;:::::re;r:;:v atch ::: — - by - 5 

these Man, e* P e r; „ / ~" " *» »• «** 

deration can « ch r " r ™' «<«« ™«>. lr , 

i_ . , 3S hl 9" « 100 watt „-J. ... 

" " ""- lor °' approximately Ciye / c i . ■ ' " US 

- M gh est yalue repotted ^ .^ f ^ 
to the highest yalue actneyed • Sparable 
«in9 SeebecH c.lori„tr y <») " " inv "»'« i „„ 
"tha lpy listed i„ T a ble „. ' V " 1UeS ° f "» «ce„ 

"ith the results contain br °' 1dly > n ^ 

It should be noted that th. 
v.eu that the "steady-stat ■ ' ' * U "°~ the 

- * p-cess w Pr :i,; r: r alwr ,ono " ticn i5 *» 

'-is statement' d «. « ^ "< ^"rodes 

- as that nadc on the b a s 0 h '° "" » = 

- -~ pr e, lnlMrypub J «-i„ed 
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•«•« « thalpy production £n d ; ; th « rates ot 

appearance of a threshoM „ Pr ° CeSS has th = 

precision h °" P-no.enon. &peri „ ents 

t„ ,. cld . uh i :; h :; r :; i nt — ^ «. needed , 

"hat the threshold current „ " Ca "' " nd " =°. 

" t*. highest current ,. Mi £" y " mi9ht he. 

s *«^tic difference between th h " "° ^""'^ 
— hes o f eu.tr0.e3 a „ d " c , ^ <~ - Afferent 
experiments. The scatter in t„ USed S " th "e 

«" « these high current ^"V* " J " 1 «" 
becomes large at low to i„f but this scatter 

™» "en he that th s 0"?""" <""'ty. - 

-l^trod. » a t eria and C " - differences in 

he that th tiJT°" " 
^tice is „ore sensitive o t L ""«<>■» the 

— itions f or -,s U re„e„ts a t ow P T 15e 
cw «»t densities Th» >. "ternediate 

— ration for « «<=." enthalcy 
*** 1 certai„ ly points "'"/l^^" <■»«■ 
■Ktailurgical history of th " """"""^ ° f the 

h " - — that „„ inV e i; p ;i:;r; in — — Q[ . 

"<"« u.ed relative!, l ou current d ""^ " ^ 

»y ™U account tor sone of d0 " Slti " that this 

furthermore the c 1 ^"^^ « the 

— of data valuation t :r i r n i ; t - h " i -" - [ 

— ti oati0 „ s „ ou]d „ot .^J^ Mn * ,° f these I 
° f '°» «IU« of the e.cess enthalpy 

—-Tix:; ::i:rir ofth — — . 
:::;L:r- 

P ln thG G "thal Py bursts 



«e perhaps better „ ef _ 

Figures m- 6B , IIr _ ?B «u = ri! , ard _ 

values „ hich ca „ be att " tS are f=r above the 

— . *>r th e S e .v::;"- 1 - 1 — 

production are up to 17 tim ° f e " th »lP/ 

ceils. As Doi ' \ enthal ™ to the 

active heat g e„er a t lng s yl t ^ ^ °* 
enthalpy generation were restrict h eX " SS 
values o f Table m .,. ""»«■" th. basely 
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1SOt ° PiC hyd — "X" «t.i y , lng nualear 

reactions involving said ie - • 

g 1Sot °P^c hydrogen, and 

( b ) means for uti 1 i ■? i „ 

3 Pr ° duct of said nuclear 

reactions. 



7 s f — — _ s forconductingh - 

generated by said m ,„i 

/ -aid nuclear reactions. 



1- The apparatus as claimed i„ claim , 

"herein said means for utili 2inrT • , 

rn . . utilizing includes means for 

Uimatlng nGUt — said nuclear - eactl . 

neutron bean, factions into a 



4 - The apparatus as M-,;^ , ■ 

h ■ Cd ^ an * of claims 1 to 

— — -r utiH.n, includes Mansfor 
crating electricity from Mid 



oi'ncTSTHTF 5sHEET 



Th. apparatus as claimed ^ wy of i ^ 

" he " ln latti « P.r». M . to said ' 

SOt ° PiC h7dr09en ' ^ »" — deludes Be , ns 
•ccu.ul.tin, said isotopio hydrogen 

structure. 



«• An apparatus for gener , icing energ ^ conprising; 

(a, a lattice structure cap „ ble Qf 

isotopic hydrogen; and 

(b) »eans for accu»ula ting said isotopic 

to a sufficient concentration in said , attice 
structure to induce energy generation. 

The apparatus as clawed in any of ^ i ^ ^ 
wherein said lattice structure is crystallrne. 



»- The apparatus as clained i„ any of cl „ ims [ 
-herein said lattice structure ls metallic. 
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— I.t«c„ roctur . '"'J' —-to, 

fniU " « « »»o, t hereof . 
The "PParatus as cl,i„ „ . 

. 

12 - The a Pparatus ^ ^ . 

'^"atus as cla imed in an 
— »i- struct _ ^ °< — > to 

° f ' 1CCUnul ^n g iSotopic '^9h c apabilitv 

h — 9 a relatively lov " ^ ° n * Serial 

isotopic hydrogen. acc ^lati ng 



m»e sheet 



-SI- 



'S. The apparatus as claimed in any of claim i to 12 
wherein said lattice structure includes radioisotopic 



atoms . 



15. The apparatus as claimed in any of claims l to n, 
wherein said lattice structure includes radioisotopic 
atoms selected from the group consisting of 60 C o, 90 S r, 
106 Ru, 117 cs, 147 Pm, 17 V, «° Po , " B Pu, ^cm, or "« C =,. 



16. The apparatus as claimed in any of claims 1 to 15, 
wherein said lattice structure includes atoms which emit 
high-energy rays or particles upon exposure to neutrons. 



17. The apparatus as claimed 
wherein said lattice structure 



m any of claims l to 16, 
includes borcn, beryllium 



or carbon-14 ( C) . 



10. The apparatus as claimed in any of claims l 
farther comprising means for exciting said latti 
structure with high-energy rays cr particles. 
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• The app ara t us as C ]>i™ * • 

clawed m any 0 f , 
further c 0mprisina . Y ° laiHs 1 to is 

^ an 1SOt °P- hydrogen source. 

2 °. The a Pparatus 

Claimed in any 0 f cJai*. , 

21 - The apparatus as cl.i™ ^ • 

cla imed m any of cl*> m , 

22- The apparatus as c]ll v ^ . 

3 c iainied ln any of ■ 

hydrogen fron!iaid « ~ g 

'"tice structure. .==».ul.te in MId 



23 • The apparatus as C Hi» i ■ 

^ ::^■:^^ ,uel,, • 

— Po= in , Mid clectro lyt . Jn . 
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24. The apparatus as claimed' in claim~23 wherein said 
lattice structure is an electrical conductor and is 
connected to said charge-generating source to be the 
cathode during said electroly tica 1 ly decomposing of said 
electrolyte. 



25. The apparatus as claimed in claim 23 or 24, wherein 
said electrolyte is an aqueous solution comprising at 
least one water-miscible isotopic hydrogen solvent 
component . 



26. The apparatus as claimed in claim 25, wherein sa 
isotopic hydrogen solvent component is deuterated vat 



27. The apparatus as claimed in claim 25, wherein sai 
isotopic hydrogen solvent component is ordinary water. 



23. The apparatus as claimed in any of claims 2 3 to -7 
wherein said electrolyte includes lithium. 



29. The apparatus as claimed in claim 19, wherein said 
isotopic hydrogen source is at least one fused netal 



isotopic hydride 

* ln contact „ irh 
"* Status furth . Sai<i '""S™ structure, 

— - - s ::;;r;; e " s - — « 

■>,*„,.„ £roB the ~ oigration o 

structure. Y ri<1 " lnt ° «>» lattice 

.odiu. deuteride. — UtM„ B 

« i «ure s thereof. P«a. ssiua ^^.^ ^ 



-«n. for heatin, is „ . " " ° r «■«.! 

o f heatmo said ,„ 15h " ener '" -roe 

-""'ogen ato»s to s ,id , 



32 • A method of rn,^ • 

- «ep. of : ^ -^o, en co Bprisl 



structure which 
an ^ cata 

'"«io„, involvin9 . 



ot °Pic hydrogen. a„ d 
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fb) using products of said nuclear reactions 



33. The method as claimed in clai* 32, wherein said step 
of using includes directing neutrons fro, said nuclear 
reactions to a target area. 



34. The method as claimed in claim 32 or 33, wherein 
said step of using includes generating electricity frc 
said nuclear reactions. 



35. The method as claimed in any of claims 32 to 34, 
wherein said step of forming includes' the step of 
subjecting the lattice structure to a source of the 
isotopic hydrogen to cause the isotropic hydrogen to 
permeate into the lattice structure to achieve a 
concentration therein sufficient to induce said nuclear 



reactions. 



36. A method of generating heat, conprising the steps 



of : 



SUBSTITUTE SHE! 



-86- 



U) subjecting a source of isotopic hydrogen to a 

lattice structure capable of absorbing isotopic 
hydrogen; and 

(b) causing isotopic hydrogen to peoeate into the 
lattice structure to achieve a concentration 
therein sufficient to induce the generation of 
heat. 



37. The „ethod as coined in „„ y of cla . ns ^ ^ j6 
further c„. prising the step of converting ^ 

in said lattice to work. 



38. The mGt hod as claimed in any of claims 32 to 37 
wherein said lattice structure is palladium, iro n, 

cobalt. nicVoi ^ 

""' ' n " Ura ' rhod ^m, zirconium, hafnium, 
or an alloy thereof. 



39. The .ethod as claimed in any of claims 32 to 3S , 
wherein said lattice structure includes radioisotopic 



a toms . 
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40. The method as cl aine d in any of cl ains 32 to 39 
wherein said Iattice structure ^ ^ ^ 

^-energy rays or particles upon GXposure fco 



41. The method as claimed in any of clai.s 32 to 40, 
further comprising the step of exciting said lattice 
structure with high-energy rays or particles. 



42. The method as claimed in any of clai ^ ^ ^ ^ 
wherein said isotopic hydrogen includes deuter 



ium. 



43. The method as claimed in any of claims 32 to , 2 r 
wherein said isotopic hydrogen includes tritium. 



44- The method as clawed in any of clfllms 35 ^ ^ 
wherein said isotopic hydrogen source is an electrolyte, 
and said method further includes the steo of 
electronically decomposing said electrolyte to for, the 
— topic hydrogen which permeates into the lattice 
structure. 
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" " Str " CtU " is n y conductive and Js ^ 

eleCtr ° Ine iS ~ solution c„ pri!iM „ 
least o„e v a te r - miscible isotopic 

component. 



The " eth ° d "=— «^«, v„. r . In „ id 

-topic hydroge „ solve „ t cMponent ^ ^ 

«■ The method as claimed in clMm „_ uherein ^ 
hYdr0,en S ° 1VOnt ~ i- ordi„» ry 

— in s aid 1S oto Plc „ oro ,. n soorc . at ^ ^ 
m " al — '~ — „ ith 

hydr lde into tne ,„ ttice =tructure 
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50. The method as claimed in claim 49 
, where ln the step of heating includes the step of 
^Plying a pulse of power fco hGat ^ ^ ^ 
hydride to transfer said isotopic hydrogen t(j ^ 
lattice structure in less than about one microsecond. 
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